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ABSTRACT 


111. 


The  object  of  the  investigation  was  to  produce  different 
levels  of  circulation  in  dogs  and  study  the  effect  on  survival  and  on  certain 
physiological  and  biochemical  changes.  These  levels  were  achieved  by 
holding  the  venous  return  to  the  heart  at  a  constant  value  for  two  hours  in 
nine  dogs.  A  different  constant  value  for  venous  return  was  used  in  each 
dog.  The  caval  blood  was  pre-cardially  diverted  in  the  closed-chest  dogs 
into  a  reservoir  from  where  it  was  pumped  into  the  right  atrium.  In  this 
controlled  caval  return  preparation  the  intracardiac  coronary  return  was 
inaccessible  and,  accordingly,  the  cardiac  output  was  always  higher  than 
the  controlled  caval  return.  To  arrive  at  a  value  for  the  total  cardiac 
output  in  these  nine  experiments,  an  estimated  value  for  the  coronary  return 
was  added  to  the  value  for  caval  return.  The  predicted  values  for  coro¬ 
nary  return  were  obtained  by  means  of  an  equation  representing  the  re¬ 
gression  of  coronary  return  on  the  product  of  mean  arterial  blood  pressure 
and  heart  rate.  This  relationship  was  based  on  an  additional  series  of  21 
experiments  in  dogs,  also  included  in  the  study. 

In  the  nine  controlled  caval  return  experiments,  it  was 
found  that  the  dogs  could  survive,  without  ill  effects,  reduction  in  cardiac 
output  to  values  as  low  as  24  ml.  / kg.  /min.  The  most  fundamental  in¬ 
formation  arising  from  the  study  appeared  to  be  associated  with  the 
changes  that  occurred  in  the  total  peripheral  vascular  resistance  during 
the  two  hours  of  caval  control.  In  the  range  of  cardiac  output  45  to  7  0 
ml.  /kg.  /min.,  little  change  in  the  resistance  occurred;  in  the  range 
25  to  45  ml.  / kg.  /min.  there  resulted  a  marked  increase;  finally,  below 
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25  ml.  / kg.  /min.  not  only  was  the  increase  in  resistance  less,  but 
during  the  last  hour  of  the  controlled  caval  return  period  there  was  a 
gradual  decrease  in  the  resistance.  In  addition,  it  was  observed  that 
the  changes  in  the  arterial  pH  and  CO2  content  and  the  total  body  oxygen 
consumption  seemed  to  correlate  with  the  changes  that  occurred  in  the 
total  peripheral  vascular  resistance. 

The  results  and  their  possible  future  implications  were 

discussed. 
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INTRODUCTION  AND  GENERAL  APPROACH  TO  THE  PROBLEM 

OF  REDUCED  CIRCULATION 


Chapter  I. 


1. 


Introduction  and  General  Approach  to  the  Problem  of  Reduced  Circulation. 

The  study  of  the  effects  of  reduced  circulation  on  the  survival 
of  animals  and  upon  biochemical  and  physiological  responses  has  long 
intrigued  investigators  and  has  particularly  attracted  the  attention  of  those 
in  the  fields  of  physiology  and  surgery. 

The  author  became  interested  in  the  subject  of  reduced 
circulation  as  a  result  of  association  with  the  development  of  and  operation 
of  the  heart-lung  machine  at  the  University  of  Alberta  Hospital.  Problems 
arose  in  regard  to  what  flow  rates  should  be  employed  during  operation  of 
the  heart-lung  machine  and  efforts  were  made  to  study  this  differential 
flow  rate  aspect  in  dogs  (Elliot  &  Callaghan  1958,  1959).  Thus,  the 
author's  initiation  into  the  field  of  cardiovascular  physiology  was  through 
the  medium  of  the  heart-lung  machine  and  it  would  seem  appropriate  to 
outline  the  landmarks  of  its  development,  as  they  pertain  to  the  subject  of 
reduced  circulation. 

It  is  now  well  known  that  the  successful  clinical  application  of 
the  heart-lung  machine  was  initially  due  in  part  to  the  employment  of  the 
'low  flow'  or  'azygos-flow  principle',  first  described  by  Andreasen  & 
Watson  of  England  in  1952  and  later  by  Cohen  &  Lillehei  in  1954,  in  the 
United  States.  It  was  concluded  at  that  time  by  Andreasen  &  Watson  that: 

"Maintenance  of  the  small  flow  through  the  azygos  vein,  with  the 
cavae  clamped,  is  sufficient  to  maintain  the  brain  and  heart 
without  detriment  to  full  functional  recovery  over  periods  of  at 
least  35  minutes.  " 

Cohen  &  Lillehei  (1954)  were  essentially  in  agreement  with  this  view  and 
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were  quick  to  realize  its  potential  practical  implications.  From  the 
reports  of  some  early  investigators  (Gibbon  1937,  Dennis  et  al.  1951, 
Dodrill  &  Hill  &  Gerisch  1952,  Dodrill  et  al.  1957  and  Donald  et  al.  1955) 
it  was  surmised  that,  if  the  heart  and  lungs  were  to  be  by-passed  by 
artificial  means  to  produce  a  'dry-heart  state',  the  general  circulation 
of  the  body  would  have  to  be  maintained  by  normal  circulatory  flows.  In 
the  meantime,  however,  the  'low-flow  principle'  was  enunciated  and  a 
sustained  drive  by  the  Minnesota  group  followed,  to  show  the  worthiness 
of  this  principle  at  first  in  dogs,  utilizing  autogenous  lobe  oxygenation 
with  total  cardiac  by-pass  (Cohen  &  Warden  &  Lillehei  1954)  and  finally 
in  patients,  by  means  of  controlled  cross  circulation  (Lillehei  et  al.  1955). 

It  became  evident,  though,  that  if  lower  flows  were  used  during 
extracorporeal  circulation  (25  to  35  ml.  /kg.  /min.  )  that  certain  deleterious 
effects,  such  as  metabolic  acidosis  and  low  blood  pressure  resulted 
(Diesh  et  al.  1957,  Andersen  1958,  Andersen  &  Norberg  &  Senning  1958, 
Andersen  &  Senning  1958  and  Clowes  et  al.  1958).  Accordingly,  emphasis 
was  again  shifted,  with  refinements  occurring  in  artificial  lungs  and  pumps 
into  investigations  of  more  optimal  flow  rates  (Kirklin  et  al.  1958  and 
Clark  1958). 

In  the  wake  of  the  many  unknown  facets  necessitating  investiga¬ 
tion,  as  a  result  of  the  clinical  introduction  of  the  artificial  heart-lung 
apparatus,  it  would  seem  that  investigation  into  the  effects  of  lowered 
cardiac  output  per  se,  that  is,  with  the  heart  and  lungs  still  intact  and 
performing  their  usual  functions,  was  unduly  neglected.  It  seemed 
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plausible  to  carry  the  concept  implied  by  the  work  of  Andreasen  &  Watson 
(1952)  to  a  more  definitive  conclusion. 

There  are  a  number  of  ways  to  reduce  the  circulation  experi¬ 
mentally,  but  in  the  majority  there  is  no  way  to  control  the  degree  of 
reduction.  Nevertheless,  it  is  worthwhile  to  review  some  of  these 
methods. 

There  have  been  efforts  to  study  the  hemodynamics  of  reduced 
circulation  produced  by  damaging  the  heart  itself  and,  amongst  the  methods 
cited,  is  the  coronary  embolization  technique  of  Roos  and  Smith  (1948)  and 
later  refined  by  Agress  et  al.  (1951,  1957).  The  technique  is  the  first, 
evidently,  of  the  many  that  have  been  tried  (reviewed  by  Agress  &  Binder 
1957),  which  will  produce  a  prolonged  hypotension  in  dogs. 

After  coronary  embolization  with  plastic  microspheres  there 
resulted  in  all  21  dogs,  reported  by  Agress  et  al.  (1957),  a  variable 
reduction  of  cardiac  output,  ranging  from  15  to  78  percent  of  the  control 
values.  But,  in  spite  of  the  fact  that  cardiac  output  was  reduced  in  all 
animals,  only  12  animals  were  reported  to  develop  hypotension.  Averaging 
the  values  for  the  reduced  cardiac  output  given  by  Agress  et  al.  (1957), 
one  arrives  at  the  value  of  1.  95  L.  / min. ,  as  compared  to  3.  2  L.  /min.  for 
the  average  of  the  control  values  of  cardiac  output.  This  reduction  in 
cardiac  output  does  not  seem  large,  but  apparently,  when  accompanied  by 
hypotension  in  the  12  animals  and  in  the  presence  of  the  embolized  hearts, 
this  degree  of  reduction  of  the  cardiac  output  and  blood  pressure  was 
evidently  critical,  as  all  the  12  dogs  died. 

In  shock  preparations,  it  is  difficult  to  get  an  estimate  of  the 
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cardiac  output,  but  in  hemorrhagic  shock  experiments,  there  have  been 

attempts  to  measure  the  cardiac  output  during  hypotensive  periods  of  30 

to  50  mm.  Hg.  and  values  for  the  cardiac  index  are  reported  to  vary 

2 

between  0.  4  and  0.  8  L.  / min.  /M  of  body  surface  (Remington  et  al.  1950, 
Gilmore  &  Smythe  &  Handford  1954  and  Catchpole  &  Hackel  &  Simeone 

1955). 

The  most  drastic  reduction  in  cardiac  output  results  from 

occlusion  of  the  cavae  and  azygos  vein.  This  was  accomplished  as  early 

as  1907  by  Haecker.  Total  arrest  of  the  circulation  of  this  order  under 

normothermic  conditions  is  limited  to  6  to  8  minutes,  without  causing 

death  from  lack  of  cerebral  circulation  (Rabat  &  Dennis  &  Baker  1941). 

Attempts  to  circumvent  cerebral  anoxia  were  performed  as  early  as  1935 

1936  by  Crafoord,  (cited  by  Bj8rk  1948),  who  demonstrated: 

.  .  that  the  flow  of  blood  to  all  the  organs  could  remain 
suspended  for  as  long  as  20  to  25  minutes  with  no  subsequent 
signs  of  organic  damage,  provided  an  adequate  flow  to  the 
brain  was  secured  by  creating  anastomosis  between  the 
carotid  and  jugular  vessels  on  one  side,  with  the  correspond¬ 
ing  vessels  of  another  dog.  " 

Bj8rk  (1948)  carried  this  idea  further  by  perfusing  the  brains  of  dogs 
with  oxygenated  blood  from  an  artificial  oxygenator,  while  at  the  same 
time  occluding  the  cavae  and  azygos  vein  for  a  period  of  33  minutes,  with 
survival  of  the  animals.  Andreasen  &  Watson  (1952)  were  confused  by 
reports  in  the  literature  as  to  the  patency  of  the  azygos  vein  during 
"occlusion  of  venous  return  to  the  heart"  and  their  experiments  were 
designed  to  clarify  the  'azygos  factor1.  Their  experiments  were  conduct 
ed  in  open-chest  dogs,  respired  by  100  percent  O2.  Upon  occlusion  of 


-  ,  ^ 


C. 


s J 


’  c? 


\.  -  \- 


.  _ 


5  . 


-^y 


-  j.  . 


J 


.  .7 


5J 


/ 


■W- 


.7 


^y' 


/ 


\ 


l 


/ 


5. 

the  cavae,  the  azygos  flow  was  estimated  to  increase  some  fivefold. 

Later,  Cohen  &  Lillehei  (1954)  made  a  more  precise  estimation  of  the 
azygos  flow,  under  similar  experimental  conditions  and  found  it  to  vary 
between  8  and  14  ml.  /kg.  /min.  Both  Andreasen  &  Watson  and  Cohen  & 
Lillehei  observed  depression  of  the  arterial  systemic  blood  pressure  to 
the  50  mm.Hg.  level,  during  the  30  to  45  minute  period  of  caval  occlusion 
and  azygos  patency.  There  is  considerable  evidence,  (Erlanger  & 

Gesell  &  Gasser  1919,  Wiggers  &  Werle  1942)  that  hypotensive 
levels  of  the  order  of  50  mm.  Hg.  and  lower  are  associated  with  a  high 
mortality.  It  is,  therefore,  difficult  to  believe  that  when  cardiac  output 
is  kept  as  low  as  8  to  14  ml.  / kg.  /min.  for  more  than  a  very  short  inter¬ 
val,  the  animal  will  usually  recover.  Nevertheless,  it  was  the  impres¬ 
sion  of  Cohen  &  Lillehei  (1954)  that  it  was  close  to  the  minimum  value 
for  survival. 

It  is  probable  that  the  results  of  Andreasen  &  Watson,  to  some 
extent  at  least,  depended  upon  the  simplicity  of  their  preparation,  in 
which  only  a  thoracotomy  to  occlude  the  cavae  was  performed.  However, 
their  preparation  did  not  provide  a  way  to  vary  the  venous  return  to  the 
heart,  the  return  being  only  that  amount  of  blood  which  flowed  through 
the  azygos  vein.  Nevertheless,  controlling  the  venous  return  to  the  heart 
seemed  to  the  writer  to  be  the  most  logical  way  to  vary  the  cardiac  output. 
This  is  also  the  view  of  others  (Bartelstone  1960).  It  therefore  became 
the  purpose  to  extend  the  work  of  the  above  authors  in  two  respects: 
firstly,  to  devise  a  method  of  controlling  venous  return  to  the  heart  and, 
secondly,  to  extend  the  period  of  control  to  at  least  two  hours.  It  was 
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considered  important  that  these  objectives  be  attained  with  a  preparation 
that  was  as  simple  as  possible. 

We  reported  our  first  studies  on  reduced  circulation  in  1959 
(Elliot  &  Callaghan).  The  preparation  consisted,  briefly,  of  a  method  of 
diverting  the  caval  blood  flow  in  a  dog  into  a  venous  reservoir,  from 
which  the  blood  was  pumped  at  a  known  rate  back  into  the  right  atrium. 

All  experiments  in  this  series  were  acute  and  no  attempts  were  made 
to  relate  survival  to  reduced  circulation. 

In  this  preparation,  the  cardiac  output  was  not  completely 
controlled,  owing  to  the  fact  that  not  all  the  blood  returning  to  the  heart 
was  diverted  into  the  reservoir.  It  was  impossible  to  include  the  coronary 
venous  blood  entering  the  right  atrium  via  the  coronary  sinus  and  the 
anterior  cardiac  veins  (Ruch  &  Fulton  1960  and  Guyton  1961)  and,  likewise, 
the  coronary  blood  returning  to  all  chambers  of  the  heart  via  the  Thebesian 
veins.  The  latter  evidently  accounts  for  only  a  small  percentage  of  the 
total  coronary  flow,  contrary  to  previous  beliefs  (Gregg  &  Shipley  &  Bidder 
1943,  Lendrum  &  Kondo  &  Katz  1945  and  Butterworth  1954). 

It  was  evident  then  that  if  the  cardiac  output  were  controlled 
in  the  above  manner,  the  true  output  would  always  be  higher  by  an 
unknown  amount  than  the  rate  at  which  the  blood  was  pumped  back  into 
the  right  atrium.  Since  there  was  no  known  simple  way  to  allow  for  this 
error,  other  than  to  accept  a  figure  from  the  literature  that  the  coronary 
circulation  represents  a  percentage  (5-9%)  of  the  cardiac  output  (Ecken- 
hoff  &  Hafkenschiel  &  Landmesser  1947),  a  considerable  effort 
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was  made  to  delineate  this  factor  more  accurately.  Evidence  will  be 
presented  to  substantiate  that  the  method  devised  for  estimation  of  the 
coronary  return  was  adequate  and  it  will  be  observed  that  this  comprises 
a  considerable  portion  of  the  presentation. 

From  a  review  of  the  literature  on  hemorrhagic  shock,  it  was 
concluded  that  only  an  approximate  estimate  of  the  cardiac  output  in  the 
intact  whole  animal,  which  was  critical  for  survival,  could  be  obtained. 
Preparations  that  are  employed  to  study  the  effect  of  variation  in  flow 
rate  on  survival  by  means  of  the  heart-lung  machine  are  useful;  however, 
the  effectiveness  of  this  type  of  preparation  in  this  regard  is  reduced 
somewhat  because  the  heart  and  lungs  are  not  functioning  and  also  certain 
deleterious  factors  are  associated  with  the  heart-lung  machine  itself. 

It  would  thus  seem,  if  such  a  program  were  to  be  carried 
out  in  the  autogenous  preparation,  relating  survival  and  physiological 
responses  to  varying  degrees  of  reduced  cardiac  output,  that  it  might 
add  to  the  fundamental  knowledge  in  this  field. 
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Chapter  II 

Development  and  Presentation  of  a  Simple  Method  for  Estimating 

Coronary  Return. 

In  the  first  chapter  it  was  pointed  out  that  some  form  of 
controlling  the  venous  return  to  the  heart  would  probably  offer  the  best 
means  of  controlling  the  cardiac  output  in  dogs.  This  approach  was 
temporarily  followed  but,  in  the  initial  work  (Elliot  &  Callaghan  1959)* 
it  was  evident  that,  if  the  factor  of  coronary  circulation  were  neglected, 
a  considerable  error  would  be  introduced  into  the  value  of  the  actual 
cardiac  output,  owing  to  the  fact  that  in  this  experiment  only  the  value  of 
caval  return  was  known  and  not  the  total  cardiac  output.  No  analagous 
situation  to  the  proposed  controlled  caval  return  preparation,  from  which 
values  of  coronary  return  might  be  obtained  and  applied  in  the  controlled 
caval  return  preparation,  had  been  observed  in  the  literature.  Further¬ 
more,  it  seemed  unsatisfactory  to  employ  an  approximation  of  the  coro¬ 
nary  flow,  such  as  the  value  of  5  to  9  percent  of  the  cardiac  output 
(Eckenhoff  &  Hafkenschiel  &  Landmesser  1947)  without  some  experimental 
justification.  Under  the  conditions  of  our  experiment  a  variety  of  values 
for  cardiac  output  and  blood  pressure  were  anticipated,  which  might 
considerably  influence  the  coronary  circulation. 

*In  this  original  experiment,  in  which  the  caval  blood  was  diverted  into 
a  reservoir  and  pumped  back  into  the  right  atrium,  the  preparation 
was  termed  partial  right-heart  by-pass.  However,  the  term  was 
inaccurate,  as  the  heart  was  in  no  way  by-passed  and,  accordingly,  in 
subsequent  reference  to  this  preparation,  the  more  appropriate  and 
descriptive  expression,  controlled  caval  return  preparation,  was  used. 
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To  circumvent  the  problem,  several  attempts  were  made, 
utilizing  the  complete  right-heart  by-pass  preparation,  in  which  virtually 
all  the  venous  return  to  the  heart  is  controlled.  It  did  not  meet  the 
standard  of  simplicity  required  for  survival  studies  -  owing  to  the  rather 
extensive  surgery  -  and  the  method  was  discontinued. 

These  pilot  studies  with  the  complete  right-heart  by-pass 
preparation  led  eventually  to  a  simple  method  for  estimating  coronary 
flow,  that  was  seemingly  superior  for  the  purpose  at  hand  to  those  already 
in  existence, such  as  the  nitrous  oxide  technique  of  Kety  &  Schmidt  (1948). 

Armed  with  an  easy  way  to  estimate  coronary  return,  recourse 
to  the  controlled  caval  return  preparation  was  made.  The  refinements 
in  the  technique  and  the  studies  with  this  preparation  are  found  in  the 
fourth  chapter.  The  complete  right-heart  by-pass  preparation  and  the 
results  on  the  coronary  flow  determinations  are  presented  below. 

Experimental  Methods 

The  experiment  was  conducted  on  21  mongrel  dogs,  ranging 
in  weight  from  12.  5  to  17  kg. ,  with  a  mean  weight  of  14.  5  kg.  and  an  s.  d. 
of  1.  2  kg.  The  choice  in  regard  to  sex  and  age  was  random.  The  dogs 
were  in  apparent  good  health. 

Surgical  Procedures: 

The  experiments  were  performed  in  the  mornings,  the  animals 
being  anesthetized  between  8.  45  and  9.  00  o'clock.  The  anesthetic  was 
intravenous  sodium  pentobarbital  in  the  dosage  of  30  mg.  / kg.  of  body 
weight.  The  animals  were  immediately  placed  on  the  operating  table  in 
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the  supine  position,  with  the  right  chest  slightly  uppermost;  this  position 
was  best  effected  by  restraining  the  forelegs  to  the  same  leg  of  the 
operating  table;  positioning  was  facilitated  by  the  V'd  upper  surface  of 
the  operating  table.  All  experiments  in  this  series  were  acute.  Sterile 
technique  was  not  followed. 

The  hair  of  the  right  chest  was  clipped  as  short  as  possible 
and  the  area  draped.  A  short  3  to  4  inch  incision  was  made  over  the 
fourth  right  interspace.  It  had  been  learned  from  previous  experiments 
that  neither  the  pectoralis  profundus  muscle  nor  the  latissimus  dorsi 
muscle  need  be  incised,  for  retracting  the  former  muscle  anteriorly  and 
medially  and  the  latter  muscle  inferiorly  and  laterally  allowed  adequate 
space  to  carry  out  the  necessary  cardiac  cannulations  through  an  inter¬ 
costal  chest  incision.  Since  the  dogs  were  to  be  heparinized, extensive 
use  of  the  electro- cautery  was  helpful  in  obtaining  as  complete  a  hemo¬ 
stasis  as  possible.  The  cutting  blade  of  the  cautery  was  very  useful 
for  entering  the  intercostal  space. 

On  entering  the  right  pleural  cavity,  the  previously  introduced 
endotracheal  tube  was  connected  to  the  mechanical  respirator  and  pure 
oxygen  commenced  at  11  to  14  L.  /min.  flow.  The  frequency  of  the 
respirator  cycle  was  approximately  8  to  10  breaths  per  minute.  The 
respirator  was  found  to  be  quite  constant  in  performance  and  the  degree 
of  inflation  of  the  lungs  was  controlled  by  increasing  the  flow  rate  of  the 
oxygen,  rather  than  adjusting  the  rate  of  the  respirator.  The  cuff  on  the 
endotracheal  tube  was  inflated  with  approximately  10  ml.  of  air.  The 
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incision  was  extended  anteriorly  to  the  internal  mammary  artery  and 
veins,  which  were  both  left  intact.  When  the  incision  was  extended 
posteriorly,  bleeding  often  occurred;  this  was  possibly  the  site  from 
which  the  most  extensive  oozing  occurred  and  the  cautery  was  used 
liberally  to  attempt  complete  hemostasis.  A  small  Finochietto  rib 
spreader  was  used  to  open  the  thoracotomy  incision.  The  incision  was 
extended  posteriorly  to  one  and  one-half  inches  from  the  spinal  column. 

The  first  procedure  in  the  chest  cavity  consisted  of  dissecting 
out  and  ligating  the  azygos  vein.  Heavy  black  silk  sutures  were  circum¬ 
ferentially  placed  about  the  superior  and  inferior  vena  cavae,  just  extra- 
pericardially,  taking  care  to  exclude  the  phrenic  nerve.  The  pericardial 
sac  was  opened  widely,  one-half  inch  anteriorly,  along  the  course  of  the 
phrenic  nerve  and  the  incision  extended  transversely  toward  the  left 
atrial  region. 

The  dog  was  heparinized  by  injecting  Connaught  Laboratory 
heparin  solution  (2  to  3  mg.  / kg.  of  dog  weight)  into  the  superior  vena 
cava,  undiluted  and  rather  rapidly.  During  the  two  to  three  minutes 
allowed  for  circulation  of  the  heparin,  the  right  femoral  artery  was 
dissected  out  and  a  14  gauge  thin-walled  needle,  with  a  3-way  stopcock 
attached,  was  inserted.  One  limb  of  the  stopcock  was  attached  to  a 
P23AA  Statham  transducer,  with  a  60  cm.  length  of  PE  260  tubing.  The 
other  limb  of  the  stopcock  was  left  free  for  flushing  and  blood  sampling. 

A  schematic  representation  of  the  procedure  is  given  in 
Figure  1.  The  superior  and  inferior  vena  cavae  were  catheterized 
through  the  right  atrial  appendage,  by  means  of  a  plastic  thimble.  The 


Figure  1. 


A.  Schematic  drawing  of  'complete  right-heart  by-pass  preparation'. 

B.  Enlarged  diagram  to  indicate  specific  location  of  catheters  in  heart 
and  adjacent  vessels. 

Legend  for  the  respective  numbers: 

1.  1/4"  I.  D.  Mayon  tubing,  which  drained  blood  from  the  superior 
vena  cava. 

2.  1/4"  I.  D.  Mayon  tubing,  which  drained  blood  from  the  inferior 
vena  cava. 

3.  16  French  catheter,  located  in  right  ventricle  and  draining  coro¬ 
nary  return. 

4.  Number  8  or  9  size  endotracheal  cuffed  tube. 

5.  1  litre  size  conventional  intravenous  bottle,  used  for  venous  reser 
voir,  held  25  -  45  cm.  below  heart  level. 

6.  Small  reservoir  for  coronary  return,  outflow  of  which  was  inter¬ 
mittently  drained  into  large  venous  reservoir  aid  from  which 
catheter  3  was  transferred  to  100  ml.  graduate  for  measurement 
of  coronary  return  as  necessary. 

7.  Reflector  Infrared  heat  lamp  250  watt. 

8.  Box  with  plexiglass  front,  in  which  one  litre  venous  reservoir  was 
suspended. 

9.  1/4"  I.  D.  Mayon  tubing. 

10.  5/8"  I.  D. ,  1/8"  W.T. ,  14  inch  long  latex  pump  tubing. 

11.  Sigmamotor  pump.  Model  T-Ml. 

12.  1/4"  I.  D.  Mayon  tubing,  for  returning  blood  to  heart  from  venous 
reservoir  through  pulmonary  artery  catheter. 

13.  Statham  transducer.  Model  5287,  P.  23AA,  0-75  cm.Hg. 

14.  280  PE  tubing,  24  to  36"in  length,  for  connecting  14  gauge  needle 
or  nylon  catheter  in  right  femoral  artery  to  transducer. 

15) 

&.  )  3  and  4"  20  French  catheters  ,  respectively,  introduced  into  cavae 

16) 

17.  Plastic  thimble,  1/16"  W.T. 

18.  24  French  Bardic  catheter,  no  side  holes  at  end,  introduced  into 
outflow  tract  of  right  ventricle  and  into  pulmonary  artery  for  dis¬ 
tance  of  approximately  1". 

19.  Short  pieces  of  latex  tubing  for  limiting  length  of  catheter  protrud¬ 
ing  into  either  pulmonary  artery  or  right  ventricle,  and  also  for 
securing  catheters  by  suture. 

20.  Superior  vena  cava. 

21.  Inferior  vena  cava. 

22.  Right  ventricle. 

23.  Pulmonary  artery. 

24.  Aorta. 
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20  F  catheters  were  introduced  through  the  thimble,  by  means  of  two 
holes  slightly  smaller  than  the  outside  diameter  of  the  catheter  in  the 
bottom  of  the  thimble.  The  tip  of  the  right  atrial  appendage  was  grasped 
with  a  curved  DeBakey  arterial  clamp  and  the  tip  of  the  appendage  cut 
across.  The  edges  were  grasped  with  three  straight  artery  forceps  and 
the  plastic  thimble,  with  the  two  Bardic  catheters  in  place  in  the  thimble, 
introduced  into  the  atrial  appendage  and  secured  with  a  purse-string 
suture.  The  catheters  were  not  advanced  at  this  time,  but  attached  to 
a  metal  Y,  the  free  limb  of  which  was  connected  to  the  I/4  inch  I.  D. 
Mayon  tubing  to  the  venous  reservoir. 

The  next  step  was  the  introduction  of  a  24  F  Bardic  catheter 
into  the  pulmonary  artery.  A  2-0  black  silk  suture  on  an  atraumatic 
needle  was  used  to  put  a  purse-string  in  the  outflow  tract  of  the  right 
ventricle,  just  proximal  to  the  pulmonary  valve.  After  a  stab  wound 
was  made  in  the  centre  of  this  purse-string,  a  Bardic  catheter  with  no 
side  holes  in  the  end  and  only  slightly  bevelled,  was  easily  forced  into 
the  right  ventricle  and  through  the  pulmonary  valve  into  the  artery. 

The  catheter  was  introduced  through  the  pulmonary  valve  a  distance  of 
approximately  ^ ^  of  an  inch.  The  distance  was  pre-arranged  by  means 
of  placing  a  small  piece  of  latex  tubing  over  the  catheter,  which  was 
then  used  to  secure  the  catheter  in  position  by  the  purse-string  suture. 
After  blood  was  allowed  to  flow  back  into  the  catheter,  it  was  clamped. 

The  procedure  of  first  introducing  the  catheter  into  the 
pulmonary  artery  facilitated  placing  the  circumferential  suture  about  the 


o 


J  &  . 


v> 


J  . 


-  —  v. 


-  -  .... 


J 


lu 


■Z)  i 


w  .. 


\- 


.  jj 


- . 


SJ  v 


vv  J  J  u  . 


, 


7 


w 


J 


7  „ 

<. 


\ 


I 


14. 


artery,  which  was  done  as  follows:  a  fat  pad  exists  where  the  pulmonary 
artery  crosses  over  the  root  of  the  aorta  in  the  dog  and  when  this  fat  pad 
was  grasped  with  a  Mixter-type  forceps,  sufficient  traction  could  be 
applied  to  pull  the  area  up  into  view  so  dissection  could  be  carried  out 
between  the  aorta  and  pulmonary  artery.  Spreading  the  incision  in  the 
fat  pad  exposed  the  plane  between  the  aorta  and  the  pulmonary  artery  for 
a  depth  of  approximately  ^1 2  inch;  care  had  to  be  taken  because  careless 
dissection  led  to  troublesome  bleeding.  With  traction  on  the  fat 
pad,  the  angle  formed  by  the  left  atrium  and  the  pulmonary  artery  became 
visible.  A  blunt-nosed  gall  bladder  forceps  could  be  passed  into  this 
angle  and  around  the  back  of  the  pulmonary  artery  from  the  left  towards 
the  right  side.  By  gently  spreading  the  tip  of  the  gall  bladder  forceps, 
the  tip  could  be  introduced  through  the  previously-dissected  area,  between 
the  pulmonary  artery  and  the  aorta  and  the  intra-pericardial  circumferen¬ 
tial  suture  placed  around  the  pulmonary  artery. 

A  purse- string  suture  was  placed  in  the  anterior  wall  of  the 
right  ventricle  and  a  small  nick  made  in  the  wall  in  the  centre  of  the 
purse-string.  A  16  F  whistle-tip  Bardic  catheter  was  introduced  into 
the  cavity  of  the  right  ventricle  and  the  catheter  secured  by  means  of 
the  purse-string  suture.  The  free  end  of  this  catheter  was  introduced 
into  the  open  end  of  the  small  reservoir,  attached  to  the  side  of  the 
operating  table.  The  outlet  tube  of  the  small  reservoir  was  introduced 
into  the  upper  end  of  the  large  venous  reservoir. 

The  pulmonary  artery  catheter  was  connected  to  the  plastic 
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line  leading  from  the  Sigxnamotor  pump  head.  The  conduits  from  the 
reservoir  to  the  pump  head  and  to  the  pulmonary  artery  had  previously 
been  filled  with  saline  to  preclude  any  possibility  of  air  getting  into  the 
pulmonary  artery  line.  The  reservoir  was  primed  with  approximately 
200  to  250  ml.  of  saline  in  the  majority  of  experiments.  For  reasons 
which  will  be  explained,  in  a  certain  number  of  dogs  the  reservoir  was 
additionally  primed  with  200  to  5  00  ml.  of  fresh  donor  blood,  admitted 
into  the  venous  reservoir  just  prior  to  by-pass.  The  caval  line  connect¬ 
ing  the  stainless  steel  Y  to  the  venous  reservoir  was  filled  with  blood 
from  the  dog  retrogradely. 

At  this  juncture,  the  by-pass  was  commenced  by  simply 
removing  the  clamps  on  the  caval  line  leading  to  the  reservoir  and  the 
pulmonary  artery  line.  As  these  clamps  were  removed,  the  Sigmamotor 
pump  was  commenced.  Thus,  the  transition  from  the  dog's  circulation 
to  that  of  the  by-pass  circuit  was  carried  out  smoothly. 

Attention  was  now  focused  on  the  venous  reservoir,  which  had 
been  previously  primed  with  saline  or  blood.  If  the  Sigmamotor  pump 
rate  was  set  at  1000  ml.  /min.  and  the  by-pass  commenced,  the  following 
was  observed  to  happen  -  caval  drainage  would  immediately  be  observed 
to  occur,  but  the  saline  level  in  the  venous  reservoir,  within  a  period  of 
1  minute  to  6  minutes,  would  gradually  fall.  If  the  by-pass  was  not 
discontinued,  an  air  embolus  would  occur.  In  other  words,  at  this  flow 
rate,  there  was  usually  insufficient  caval  drainage  to  keep  the  reservoir 
at  a  constant  level.  If  the  Sigmamotor  pump  had  been  previously  set  at 
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the  7  00  to  800  ml.  /min.  rate  and  the  by-pass  commenced,  the  level  in 
the  reservoir  would  rise.  Thus,  the  only  time  the  reservoir  had  to  be 
primed  with  blood  was  if  the  rate  were  initially  set  at  the  1000  ml.  /min. , 
otherwise  at  lower  rates,  once  the  by-pass  was  started,  the  blood  from 
the  venous  system  of  the  dog  would  prime  it. 

The  general  procedure  for  the  experiment  from  then  on  was 
as  follows:  the  aim  was  to  vary  the  cardiac  output  at  3  to  4  different 
levels  per  experiment,  over  a  period  of  1  to  1—  hours.  This  was 
done  by  starting  with  the  highest  level  of  cardiac  output  in  order  to  avoid 
shock.  The  Sigmamotor  pump  rate  was  set  by  placing  the  dial  on  the 
rate  gauge  to  the  number  4  position,  which  corresponded  approximately 
to  a  flow  rate  of  1000  ml.  /min.  Unless  the  reservoir  was  additionally 
primed  with  blood  at  this  flow  rate,  the  reservoir  usually  ran  dry  and 
the  position  had  to  be  changed  to  the  number  3  position,  which  corresponded 
to  a  flow  rate  of  7  00  to  8  00  ml.  / min.  A  period  of  10  to  15  minutes  of 
stabilization  was  allowed  before  determining  the  coronary  return  flows. 
These  were  obtained  either  over  a  30  or  60  second  interval,  by  allowing 
the  blood  from  the  16  F  catheter  in  the  right  ventricle  to  flow  into  a 
siliconized  100  ml.  graduate.  Simultaneously,  the  mean  arterial  blood 
pressure  and  the  heart  rate  were  recorded  from  the  right  femoral  artery 
of  the  dog.  A  period  of  4  to  5  minutes  was  allowed  to  elapse  and  the  above 
procedure  was  repeated.  Thus,  for  every  flow  rate  or  cardiac  output 
that  was  employed,  a  set  of  approximately  6  values  of  coronary  return 


flow,  mean  arterial  bloodpressure  and  heart  rate  were  obtained.  The 
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same  procedure  was  carried  out  at  the  next  position  on  the  gauge  on  the 
Sigmamotor  pump,  which  was  either  the  3  or  2  position.  The  experiment 
was  terminated  when  approximately  six  measurements  were  obtained  at 
the  number  1  position  on  the  gauge  of  the  Sigmamotor  pump. 

The  last  step  was  the  calibration  of  the  Sigmamotor  pump. 

At  the  end  of  the  experiments,  the  dog  was  bled  into  the  venous 
reservoir.  This  usually  filled  it  but,  if  not,  the  remainder  of  the 
reservoir  was  filled  with  saline.  The  pump  was  then  reset  to  the  number 
4  position  on  the  rate  gauge  and  allowed  to  run  for  1  minute,  while 
holding  the  pulmonary  artery  catheter  in  a  1  litre  graduate  at  the 
level  of  the  heart.  This  procedure  was  repeated  for  the  number  3,  2  and, 
finally,  number  1  gauge  positions.  These  values  represented  the  respec¬ 
tive  cardiac  outputs  while  on  by-pass. 

Blood  Pressure  Determinations: 

These  were  obtained  by  means  of  the  Gilson  Medical  Elec¬ 
tronics  Mini^polygraph  recorder,  utilizing  a  P2  3AA  Statham  transducer. 
This  was  a  four-channel  recorder,  two  blood  pressure  channels,  one 
electro-encephalogram  channel  and  an  electro-cardiogram  channel.  The 
blood  pressure  channels  could  be  electrically  damped  to  obtain  mean 
blood  pressures.  The  ECG  was  used  to  determine  the  heart  rate. 
Determinations  of  Oxygen  Content: 

These  were  determined  by  the  classical  method  of  Van  Slyke 
&  Neill  (1924).  All  determinations  were  performed  the  day  of  the 
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Incubator  for  Venous  Reservoir: 

In  order  to  prevent  hypothermia,  as  a  result  of  the  blood 
collecting  in  a  cold  venous  reservoir,  a  box  was  constructed  with  a 
plexiglass  front,  in  which  the  venous  reservoir  was  suspended,  25  to 
45  cm.  below  the  level  of  the  heart.  In  the  bottom  of  the  box  was  placed 
a  heat  lamp,  which  maintained  an  even  temperature  in  the  incubator;  in 
spite  of  these  precautions  the  rectal  temperature  of  the  dog  usually 
decreased  to  approximately  35  degrees  C.  by  the  end  of  the  procedure. 
Plastic  Tubing  and  Connections: 

The  plastic  tubings  to  and  from  the  venous  reservoir,  the 
pump  and  the  heart  were  vinyl  plastic  inch  I.  D.  Immediately  after 
each  operation  the  tubings  were  thoroughly  washed  out  with  cold  water  and 
dried  by  compressed  air.  The  pump  head  was  selected  from  ±1  inch  I.  D. 
latex  tubing  with  -i-  inch  W.  T.  All  connections  between  catheters,  Mayon 
tubing,  the  pump-head  tubing  and  the  reservoir  were  accomplished  by 
stainless  steel  connectors,  so  constructed  that,  when  a  piece  of  plastic 
tubing  was  pushed  over  the  connector,  the  internal  bore  of  the  conduit 
was  not  constricted  where  the  actual  join  occurred.  This  very  important 
point  was  originally  stressed  by  DeWall  et  al.  1957. 

Sigmamotor  Pump: 

The  model  of  the  pump  used  was  T-M.  1.  This  particular 
model  was  characterized  by  the  fact  that  the  pump  head  containing  the 
metal  fingers  was  approximately8  inches  across  and,  because  of  this 


rather  large  size,  the  fingers  moved  quite  slowly,  even  when  the  pump 
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rate  was  1000  ml.  /min.  This  feature  in  a  Sigmamotor  pump  is  useful 
because  it  minimizes  the  trauma  which  has  been  shown  to  occur  (Elliot  & 
Callaghan  1958). 

Statistical  Methods: 

The  data  were  examined  by  developing  equations  for  regression 
lines  by  standard  procedures  (Kenney  &  Keeping  1954)  and  noting  the 
standard  error  of  estimates  and  coefficients  of  correlation.  The  regres¬ 
sions  were  calculated  on  ungrouped  variates,  except  in  one  instance  (see 
Table  IV,  Figure  3).  A  summary  of  the  statistics  for  each  relationship 
is  given  at  the  bottom  of  each  table,  where  N  =  number  of  observations; 
x  =  arithmetic  mean  of  all  xi  observations;  y  =  arithmetic  mean  for  all 
yi  observations;  Sey  =  standard  error  of  estimate;  r  =  coefficient  of 
correlation;  Y  =  a  +  bx  general  form  of  equation. 

Results 

All  experiments  were  acute,  the  animals  being  sacrificed  at 
the  end  of  the  procedure.  All  experiments  were  performed  consecutively 
and  included  in  the  results  except  the  following:  in  experiment  290,  the 
dog  died  before  the  perfusion  commenced,  as  the  pulmonary  artery  was 
badly  torn  while  attempting  to  tape  it.  The  results  of  experiment  291 
were  also  deleted,  owing  to  the  fact  that  the  'steady  states'  went  from 
low  flows  to  high  flows.  In  experiment  300,  what  appeared  to  be  a 
negligible  amount  of  air  in  the  pulmonary  artery  line  turned  out  to  be 
lethal,  the  lungs  failing  to  oxygenate  as  evidenced  by  a  sample  of  arterial 
blood,  which  was  blue;  the  operation  had  to  be  discontinued  on  this 
account.  In  experiment  309,  another  technical  failure  was  recognized 
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too  late,  in  that  the  latex  pump  head  was  introduced  into  the  Sigmamotor 
pump  the  wrong  way  and  the  dog  was  exsanguinated  from  both  the  cavae 
and  the  pulmonary  artery  before  the  trouble  was  rectified.  In  experiments 
311,  312  and  313,  the  mixture  of  oxygen  and  5%  CO2  was  used  as  a  respiring 
agent  and,  except  for  one  plot,  these  experiments  were  not  included.  In 
experiment  314,  the  entire  experiment  was  devoted  only  to  the  testing  of 
venous  pressure  in  the  vena  cavae.  Experiment  315  was  associated  with 
an  entirely  different  project. 

At  the  beginning  of  the  series  of  experiments,  the  only 
relationship  examined  actually  was  that  of  coronary  return  flow  to  cardiac 
output  and  blood  pressure  to  cardiac  output.  As  the  experiment  progressed 
and  the  literature  reviewed,  additional  relationships  were  added  to  the 
investigation;  this  was  the  reason  why  not  all  relationships  were  obtained 
on  the  same  set  of  animals,  which  is  evident  in  a  brief  synopsis  of  the 
experiments  given  in  Table  I. 

Comparative  Studies  of  Duration  of  Surgical  Procedures: 

These  data  are  presented  in  Table  II  to  indicate  that  there 
was  a  considerable  degree  of  consistency  in  the  conduct  of  this  series  of 
experiments,  in  regard  to  the  duration  between  the  times  that  the  animals 
were  anesthetized  and  the  skin  incisions  and  the  thoracotomies  performed 
and  between  the  times  that  the  perfusions  were  commenced  and  ended. 

It  took,  on  an  average,  83  minutes  between  the  time  the  dogs  were  anes¬ 
thetized  and  the  time  the  perfusions  were  commenced,  with  an  s.d.  of 
17  minutes.  An  average  of  eighty-one  minutes  elapsed  from  the  start  of 
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the  by-pass  until  the  termination;  this  interval  of  time  had  an  s.  d.  of 
15  minutes. 

The  Effect  of  Variation  in  Cardiac  Output  on  Mean  Arterial  Blood 
Pressure: 

The  data  are  presented  in  Table  IV  and  are  graphically 
represented  in  Figure  2.  It  will  be  observed  that  this  plot  was  not 
entirely  homogeneous  and  that  the  dots  in  the  graph  occurred  in  groups 
along  the  x  axis;  this  was  due  to  the  fact  that  the  relationships  were 
noted  at  specific  levels  of  cardiac  output.  Three  things  are  evident  from 
this  plot,  namely;  (a)  considerable  scatter  occurred  and,  by  this  is  meant, 
for  instance,  that  between  the  flow  rates  of  600  to  800  ml.  /min.  the  mean 
blood  pressure  was  a  s  low  as  50  mm.  Hg.  and  as  high  as  140  mm.  Hg.  ; 

(b)  there  appeared  to  be  a  general  tendency  for  the  blood  pressure  to  be 
maintained  until  the  300  to  500  ml.  /min.  range  of  cardiac  output  was 
reached;  (c)  it  would  appear  that  the  mean  blood  pressure  was  much  more 
predictable  when  the  cardiac  output  dropped  to  200  ml.  /min.  range  and, 
finally;  (d)  it  is  also  observed  that,  when  the  cardiac  output  was  in  the 
900  to  1000  ml.  /min.  cardiac  output  range,  the  blood  pressure  was  also 
somewhat  predictable.  Grodins  &  Stuart  &  Veenstra  (1960)  reported  the 
study  of  a  right-heart  by-pass  preparation,  without  a  reservoir  in  the 
system  and  these  workers  showed  a  better  dependency  of  blood  pressure 
on  cardiac  output  than  is  evident  in  Figure  2  of  our  studies. 

The  Effect  of  Variation  in  Cardiac  Output  on  Coronary  Return  Flow: 


The  first  plot  of  this  relationship  from  data  presented  in 
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Table  IV  and  graphically  presented  in  Figure  3  was  obtained  by  averaging 
the  values  of  mean  coronary  flow.  The  method  of  averaging  the  coronary 
return  flow  measurements  is  illustrated  in  Table  III,  in  which  the  data  for 
experiment  286  (chosen  at  random)  are  presented  as  an  example.  It  can 
be  observed  that,  in  the  third  column  of  the  Table  III,  there  was  not  much 
variation  between  the  individual  coronary  flow  measurements  recorded. 
However,  it  was  not  known  whether  this  variation  might  influence  the 
value  for  the  standard  error  of  estimate  for  the  regression  line  and, 
therefore,  the  data  were  re-calculated  on  ungrouped  variates  from  the 
data  of  a  further  series  of  dogs,  presented  in  Table  V.  As  can  be  ob¬ 
served,  there  was  little  difference  between  the  coefficients  of  correlation 
and  standard  error  of  estimates  as  a  result  of  the  data  analysed  on  the 
average  and  non-average  values  for  coronary  flow.  (See  Table  XI, 
Equations  1  and  2). 

The  Effect  of  Variation  in  Caval  Return  on  the  Ratio  of  the  Coronary 
Return  to  Caval  Return  X  100: 

The  data  for  this  relationship  are  presented  in  Table  V  and 
the  graphical  representation  is  presented  in  Figure  4.  If  coronary 
return  is  related  to  caval  return  in  a  simple  manner,  then  this  relation¬ 
ship  would  be  useful  in  estimating  cardiac  output.  In  the  controlled 
caval  return  preparation  the  value  of  caval  return  is  accurately  measured 
and,  therefore,  by  substituting  the  value  of  caval  return  in  the  equation  for 
the  above  regression  line,  the  value  for  the  ratio  couldbe  obtained.  By  sub¬ 
stituting  the  value  for  the  caval  return  in  the  ratio  formula,  the  value  for  the 
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coronary  return  flow  could  be  arrived  at  and  this  value,  when  added  to 
the  value  of  the  caval  return,  would  give  an  estimated  value  for  the  total 
cardiac  output.  Converting  the  standard  error  of  estimate  of  2.  42%  to 
ml.  /min.,  one  arrives  at  the  value  of  12.  1.  This  is  a  better  value  of 
the  standard  error  of  estimate  than  the  coefficient  of  correlation  of  0.  40 
would  tend  to  indicate. 

It  will  be  observed  that  there  was  a  slight  negative  slope  to 
the  regression  line,  indicating  that  the  ratio  of  coronary  flow  to  caval 
return  increased  as  the  caval  flow  decreased.  This  has  been  the  experience 
of  others,  only  some  workers  have  recorded  a  higher  increase  in  the 
ratio  as  the  cardiac  output  drops,  such  as  the  report  of  Read  &  Johnson  & 
Kuida  (1957),  whose  work  was  carried  out  with  a  heart-lung  machine 
during  total  extracorporeal  circulation  experiments.  The  catheter  in 
their  experiments  was  located  in  the  internal  carotid  artery,  which  could 
have  given  the  coronary  bed  a  preferential  blood  flow  and  account  for  the 
higher  ratio  than  actually  would  be  the  case  if,  for  instance,  the  catheter 
was  in  the  femoral  artery.  Eckenhoff  &  Hafkenschiel  &  Landmesser 
(1947)  noted  in  experiments  in  which  the  cardiac  output  was  not  controlled, 
but  rather  the  observations  made  at  whatever  cardiac  output  prevailed 
in  the  dog  at  the  time,  that  the  ratio  of  coronary  return  to  cardiac  output 
went  up  to  about  9%  when  the  circulation  was  depressed,  as  compared  to 
a  level  of  5%  when  the  circulation  was  not  depressed.  This  same  rela¬ 
tionship  has  also  been  shown  by  Sabiston  &  Theilen  &  Gregg  (1955)  in 
experiments  on  dogs  under  conditions  of  hypothermia. 
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The  Effect  of  Variation  in  Mean  Arterial  Blood  Pressure  on  the  Coronary 

Return: 

The  data  for  this  relationship  are  found  in  Table  V  and  the 
results  are  presented  graphically  in  Figure  5.  The  standard  error  of 
estimate  was  10.  1  ml.  /min.  and  the  coefficient  of  correlation  was  0.  37. 
The  plot  was  improved  slightly  when  the  log-^Q  of  the  mean  arterial  blood 
pressure  was  used  and  the  results  of  this  plot  are  found  in  Table  VI  and 
Figure  6,  in  which  the  standard  error  of  estimate  was  7.  1  ml.  / min.  and 
the  coefficient  of  correlation  0.88. 

The  Effect  of  Variation  in  Myocardial  Oxygen  Consumption  on  Coronary 

Return  Flow: 

In  experime  nts  289  to  298,  inclusive,  samples  were  taken  of 
the  arterial  blood  from  the  femoral  artery  and  analysed  for  oxygen  content, 
as  well  as  for  oxygen  saturation  and  these  results  are  presented  in  Table 
VII.  The  values  of  the  oxygen  content  of  the  femoral  artery  blood  were 
averaged  and  the  average  values  were  used  to  determine  the  (A-V)  O2 
difference  for  the  calculation  of  myocardial  oxygen  consumption  in  subse¬ 
quent  experiments,  the  data  for  which  are  presented  in  Table  VIII.  It 
was  technically  possible  at  the  time  to  do  only  the  one  set  of  O2  contents, 
either  on  the  arterial  or  venous  blood.  Since  the  values  for  the  arterial 
C>2  content  seen  in  Table  VII  were  always  high,  except  in  one  experiment 
297,  it  was  assumed  that  subsequent  experiments  carried  out  under  the 
same  conditions  of  respiration  would  yield  similar  values  for  the  arterial 
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It  is  seen  from  Figure  7  that  the  relationship  of  coronary 
return  flow  to  myocardial  oxygen  consumption  had  a  very  good  correla¬ 
tion  and,  in  this  particular  plot,  the  correlation  was  0.  93  with  a  standard 
error  of  estimate  of  approximately  7.  9  ynl.  /min.  of  coronary  return. 

Additional  experime  nts  were  performed  and  the  data  for  these 
seven  dogs  are  found  in  Table  VI  and  VII.  The  tables  contain  the  data 
for  the  plots  which  were  considered  the  most  pertinent  and,  since  the  data 
in  Table  EX  were  available,  the  plot  of  the  coronary  flow  versus  myocardial 
oxygen  consumption  was  repeated.  The  results  are  presented  in  Figure  8. 
The  same  good  correlation  was  exhibited  between  these  two  parameters 
as  in  Figure  7,  the  coefficient  of  correlation  being  0.  96  and  the  standard 
error  of  estimate  being  4  ml.  of  coronary  flow  per  minute. 

The  Effect  of  Variation  in  Mean  Arterial  Blood  Pressure  on  Myocardial 
Oxygen  Consumption: 

The  data  for  this  relationship  are  found  in  Table  EX  and  the 
data  are  graphed  in  Figi  re  9.  This  figure  indicates  that  there  was  only 
rough  correlation  between  these  two  parameters,  the  coefficient  of 
correlation  being  0.  44. 

The  Effect  of  Variation  in  the  Logi  p  of  the  Product  of  Mean  Arterial 

Blood  Pressure  and  Heart  Rate  Over  1000  on  Myocardial  Oxygen 
Consumption: 

The  data  for  this  relationship  are  found  in  Table  IX  and  in 
Figure  10.  By  including  the  heart  rate  in  the  formula  the  relationship 
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improved,  the  coefficient  of  correlation  being  0.  8. 

Relationship  of  the  Effect  of  Variation  in  the  Product  of  Mean  Arterial 

Blood  Pressure  and  Heart  Rate  on  Coronary  Return  Flow: 

The  data  for  this  relationship  are  found  in  Table  VI  and  in 
Figure  11.  It  will  be  observed  from  Figure  11  that  there  was  an 
exponential  trend  to  the  relationship  when  plotted  in  this  manner,  with 
the  curve  towards  the  y  axis.  It  will  also  be  noted  that  there  appeared 
to  be  a  reasonably  good  correlation  between  these  two  parameters. 

The  Effect  of  Variation  in  the  Logip  of  the  Product  of  Mean  Arterial 
Blood  Pressure  and  Heart  Rate  Over  1000  on  Coronary  Return  Flow: 

Because  of  the  exponential  trend  exhibited  in  Figure  11,  the 
same  data  were  re-plotted  from  the  data  in  Table  VI  by  taking  the  logio 
of  the  product  of  the  mean  arterial  blood  pressure  and  heart  rate.  The 
results  appear  graphically  in  Figure  12.  There  would  appear  to  be  good 
correlation  between  these  two  parameters,  the  coefficient  of  correlation 
being  equal  to  0.  9.  The  standard  error  of  estimate  was  6.  5  ml.  / min.  of 
coronary  return  flow. 

Venous  Reservoir  Height: 

On  the  average,  the  reservoir  was  held  25  to  45  cm.  below 
the  level  of  the  heart.  The  results  of  one  experiment,  devoted  to  noting 
the  caval  venous  pressures,  are  presented  in  Table  X.  It  can  be  seen 
that  the  pressure  in  the  cavae  was  virtually  zero  at  all  cardiac  outputs 
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Summary  of  Regression  Analyses: 

The  summary  of  the  regression  analyses  of  all  the  relation¬ 
ships  for  which  regression  lines  were  calculated  is  found  in  Table  XI. 

In  addition  to  the  equations  themselves,  the  pertinent  data,  such  as  the 
number  of  observations,  number  of  experiments,  arithmetic  means  for 
the  x^  and  yi  values,  standard  error  of  estimates,  coefficients  of 
correlation  and  the  respective  tables  and  figures  for  each  regression 
equation, are  also  found  in  this  table. 
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The  data  in  this  table  indicate  which  experiments  were  employed  in  studying  the  various  relationships  and  also  the  weights 

of  the  dogs. 
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Table  III 

This  table  presents  results  of  an  experiment  No.  296,  chosen  at 
random,  to  illustrate  the  method  of  averaging  values  for  measur¬ 
ed  coronary  return  flows  (MCR),  which  were  used  in  Table  IV. 


Time 

Sigmamotor  pump 
rate  in  ml.  / min.  = 
cardiac  output 

Measured  coronary 
return  in 
ml.  / min. 

8:55  am. 

Dog  anesthetized 

9 : 1  0 

Skin  incised 

9:25 

Chest  incised 

10:1 ' 

By- pass  started 

Period  of  stabilization 

10:30 

1000 

98 

1000 

94 

1000 

94 

1000 

94 

1000 

86 

1000 

86 

1000 

88 

10:40 

1000 

90 

Mean  =  91 

10:50 

700 

58 

700 

59 

10:55 

700 

62 

11:00 

700 

58 

700 

62 

11:03 

700 

58 

Mean  =  59 

11:10 

435 

32 

435 

33 

11:15 

435 

36 

11:20 

435 

37 

435 

37 

11:24 

435 

38_ 

Mean  =  35 

11:30 

210 

12 

210 

11 

11:35 

210 

14 

11:40 

210 

12 

210 

14 

11:45 

210 

12 

11:46 


By-pass  ended 
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I  o  all  -i  iftd.3  9  q  9ldi  1  'hi. 


Table  IV 
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This  table  presents  results  of  experiments  to  determine  the  effect  of  variation 
in  cardiac  output  (CO)  on  the  measured  coronary  return  flows  (MCR).  The 
values  for  the  measured  coronary  return  which  appear  in  this  table  are  aver¬ 
age  values  and  were  obtained  in  the  manner  illustrated  in  Table  III. 


Exp. 

No. 

Sigmam 

150- 

otor  pump  rate  in  ml.  /min.  =  Cardiac  Output  which 
been  divided  into  ranges. 

225  280-450  620-715  915-1000 

has 

CO 

X 

MCR 

y 

CO 

X 

MCR 

y 

CO 

X 

MCR 

y 

CO 

X 

MCR 

y 

289 

175 

16 

395 

31 

650 

39 

1 

292 

215 

20 

420 

31 

700 

43 

2 

293 

225 

19 

425 

34 

690 

40 

3 

294 

200 

14 

440 

36 

715 

67 

4 

295 

175 

13 

395 

44 

675 

43 

5 

296 

210 

12 

435 

35 

700 

59 

1000 

91 

6 

297 

175 

9 

375 

34 

620 

52 

915 

69 

7 

298 

185 

15 

410 

30 

700 

40 

1000 

49 

8 

299 

185 

19 

400 

41 

650 

42 

990 

65 

9 

301 

160 

12 

350 

33 

640 

50 

10 

302 

180 

11 

375 

41 

670 

70 

1000 

88 

11 

303 

280 

28 

620 

56 

950 

95 

12 

304 

150 

20 

370 

25 

620 

36 

1000 

57 

13 

305 

160 

16 

375 

24 

650 

48 

1  4 

306 

165 

5 

350 

25 

640 

48 

940 

69 

15 

307 

160 

18 

450 

46 

635 

55 

930 

75 

16 

308 

325 

45 

620 

63 

920 

62 

310 

175 

12 

350 

34 

590 

39 

PLOT  of  MCR  versus  CO 
ECR  =  4,  066  +  0.  0706  CO 


Equation  -  1,  See  Figure  3. 


N 

x 


y 

y 


Sev  = 


62 

503.  95 
39. 645 

4.  066  +  0.  0706  x 
435.  0 
87. 3179 
9.  345 
0.  894 


.  .  :  /  I 


tC";  t)3'i 


•  - 

. 
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TW* *  table  presents  the  results  of  experiments  to  determine  the  effect  of  variation  in  cardiac  output  (CO)  on  mean  arterial  blood  pressure  (MABP);  the  ef¬ 
fect  of  variation  In  cardiac  output  on  measured  coronary  return  (MCR);  the  effect  of  variation  in  caval  return  (CaR)  on  the  ratio  of  measured  coronary  re¬ 
turn  to  cavaJ  return  expressed  as  a  percentage;  and  also  the  effect  of  variation  of  mean  arterial  blood  pressure  on  measured  coronary  return. 


Exp. 

No. 


399 


301 


303 


303 


304 


Femorai 

Artery 
mm.  Hg. 
MABP 

ml.  /min. 
OO 

ml.  /min. 

MCR 

CaR- 
CO- MCR 
CaR 

MCR  ,n_ 

earxl0° 

Exp. 

No. 

Femoral 

Artery 
mm.  Hg. 
MABP 

ml.  / min. 
OO 

ml.  /min. 
MCR 

CaR  • 
CO-MCR 
CaR 

ear " 100 

X 

X 

y 

X 

y 

X 

X 

y 

X 

y 

Cont. 

136 

990 

64 

926.  0 

6.9 

304 

52 

370 

25 

345 

7. 2 

126 

990 

68 

922 

7. 4 

48 

370 

26 

344 

7.  6 

126 

990 

63 

927 

6.8 

50 

370 

26 

344 

7.  6 

70 

650 

39 

611 

6.4 

26 

150 

20 

130 

15.4 

72 

650 

39 

611 

6.  4 

24 

150 

20 

130 

15.  4 

74 

650 

40 

610 

6.5 

24 

150 

21 

129 

16.  3 

92 

650 

43 

607 

7.  1 

24 

150 

16 

132 

13.  6 

90 

650 

45 

605 

7.  4 

22 

150 

10 

131 

14.  5 

94 

650 

48 

602 

8.0 

56 

400 

39 

361 

10.8 

305 

98 

650 

46 

604 

7.  6 

58 

400 

42 

358 

11.7 

100 

650 

50 

600 

6.  3 

56 

400 

40 

360 

11.1 

101 

650 

48 

802 

8.0 

58 

400 

41 

359 

11.4 

24 

375 

24 

351 

6.8 

56 

400 

40 

360 

11.1 

28 

375 

24 

351 

6.8 

59 

400 

44 

356 

12.3 

15 

160 

16 

144 

11.1 

35 

185 

19 

166 

11.4 

15 

160 

15 

145 

10.  3 

25 

185 

19 

166 

11.4 

23 

185 

18 

167 

10.8 

306 

105 

940 

78 

862 

9.  0 

102 

940 

64 

876 

7.  3 

70 

640 

34 

586 

9.2 

103 

040 

68 

872 

7.0 

66 

640 

50 

590 

8.  5 

107 

940 

68 

872 

7.8 

66 

640 

50 

590 

8.  5 

113 

940 

70 

870 

8.  0 

64 

640 

49 

591 

8.  3 

114 

940 

68 

874 

7.  6 

64 

640 

40 

591 

0.  3 

54 

640 

48 

572 

8.  4 

62 

640 

48 

592 

8.  1 

53 

640 

46 

594 

7.  7 

34 

330 

33 

317 

10.4 

53 

640 

46 

594 

7.7 

36 

350 

33 

317 

10.4 

51 

640 

48 

592 

8.  1 

36 

350 

34 

316 

10.7 

50 

640 

48 

592 

8.  1 

38 

350 

32 

318 

10.1 

50 

640 

48 

592 

8.  1 

36 

350 

33 

317 

10.4 

32 

350 

30 

320 

9.4 

38 

350 

33 

317 

10.  4 

28 

350 

27 

323 

8.4 

20 

160 

15 

145 

10.  3 

26 

350 

26 

324 

8.0 

16 

160 

12 

148 

8.  1 

24 

350 

21 

329 

6.4 

16 

160 

9 

151 

5.2 

23 

350 

20 

330 

6.  1 

20 

165 

5 

180 

3. 1 

126 

1000 

88 

912 

9.6 

126 

1000 

87 

913 

9.5 

307 

136 

635 

58 

579 

9.7 

126 

1000 

87 

913 

9.5 

133 

635 

52 

583 

8.  9 

128 

1000 

87 

913 

9.5 

134 

635 

56 

570 

9.7 

128 

1000 

87 

913 

9.5 

126 

635 

58 

577 

10.  1 

132 

1000 

90 

910 

9.  9 

65 

450 

48 

402 

11.0 

110 

670 

68 

602 

11.3 

72 

450 

48 

402 

11.0 

114 

670 

69 

601 

11.5 

75 

450 

46 

404 

11.4 

114 

670 

69 

601 

11.5 

76 

450 

44 

406 

10.8 

118 

670 

72 

598 

12.0 

28 

160 

20 

140 

14.3 

120 

670 

72 

590 

12.0 

30 

160 

18 

142 

12.7 

118 

670 

71 

599 

11.8 

30 

160 

19 

141 

13.5 

54 

375 

44 

331 

13.3 

54 

375 

43 

332 

12.  9 

308 

120 

920 

62 

858 

7.2 

54 

375 

41 

334 

12.3 

127 

920 

84 

856 

7.  5 

54 

375 

39 

336 

11.6 

130 

920 

64 

856 

7.  5 

54 

375 

41 

334 

12.  3 

135 

920 

58 

862 

*  6.7 

54 

375 

41 

334 

12.  3 

137 

920 

80 

860 

7.  0 

18 

180 

12 

168 

7.  1 

135 

920 

62 

858 

7.2 

16 

180 

11 

160 

6.5 

120 

750 

58 

692 

8.  4 

14 

180 

10 

170 

5.9 

125 

750 

62 

688 

9.0 

127 

750 

62 

688 

9.  0 

121 

950 

97 

853 

11.4 

135 

750 

50 

700 

7.  1 

124 

950 

96 

851 

11.6 

135 

750 

62 

688 

9.0 

120 

950 

94 

856 

11.0 

132 

750 

56 

694 

8.1 

132 

950 

98 

052 

11.5 

115 

620 

62 

556 

11.1 

130 

950 

93 

857 

10.8 

115 

620 

66 

554 

12.0 

126 

950 

91 

859 

10.  6 

120 

620 

60 

580 

10.7 

90 

620 

57 

569 

10.0 

122 

620 

64 

556 

11.6 

88 

620 

58 

562 

10.3 

125 

620 

64 

558 

11.5 

86 

620 

58 

562 

10.3 

100 

445 

60 

385 

16.6 

88 

620 

55 

565 

9.7 

98 

445 

60 

385 

15.  6 

88 

620 

55 

565 

9.  7 

100 

445 

54 

391 

13.8 

88 

620 

56 

564 

9.9 

95 

445 

56 

389 

14.4 

42 

280 

28 

252 

11.1 

100 

445 

56 

389 

14.4 

42 

280 

30 

250 

12.0 

55 

325 

46 

279 

16.5 

40 

280 

29 

251 

11.6 

55 

325 

46 

279 

16.5 

38 

280 

26 

254 

10.  2 

57 

325 

44 

381 

11.5 

40 

280 

27 

253 

10.7 

60 

325 

44 

381 

11.5 

40 

280 

27 

253 

10.7 

62 

326 

46 

279 

16.  5 

114 

1000 

59 

941 

6.  3 

310 

110 

590 

40 

550 

7.  3 

112 

1000 

57 

943 

6.0 

105 

500 

40 

550 

7.3 

114 

1000 

58 

942 

6.  2 

;oo 

590 

38 

552 

6.  9 

114 

1000 

57 

943 

6.  0 

35 

35C 

26 

324 

8.  0 

112 

1000 

56 

944 

5.9 

43 

350 

28 

322 

7.e 

110 

1000 

56 

944 

5.  9 

*45 

350 

32 

318 

10. 1 

90 

620 

35 

585 

6.0 

*47 

350 

33 

317 

10.  4 

92 

620 

36 

584 

6.2 

•55 

35C 

48 

302 

15.9 

92 

620 

37 

583 

6.  3 

*55 

350 

36 

314 

11.5 

86 

620 

35 

585 

S.O 

*57 

350 

34 

316 

10  e 

86 

620 

37 

583 

6.  3 

*57 

350 

36 

314 

11. 5 

88 

620 

37 

583 

6.3 

*45 

350 

32 

318 

10. 1 

46 

370 

25 

345 

7.2 

*45 

350 

32 

318 

10. 1 

46 

370 

25 

345 

7.2 

IS 

175 

12 

163 

7. 4 

48 

370 

26 

344 

7.6 

17 

175 

12 

163 

7. 4 

16 

175 

13 

182 

e.c 

••79 

44 

PLOT  of  CO  versus  MCR 

ECR  *  8.  6301  +  0.  0680  CO 
Equation  -3.  No  Figure. 


PLOT  of  100  versus  CaR 

x  100  =  11.7942  -  0.0043  CaR 


PLOT  of  MCR  veraus  MABP 

ECR  *  10.43  +  0.468  MABP 
Equation  -4.  See  Figure  5. 


N  HTa 

9  •  45.7336 

Sy2  •  400.  3443 
Sey  -  10.154 


x  *  345.  Of 
Y  --  8.63840.0680 
Sey*-  109. 1013 
r  -  0.8818 


x 


Equation  -3.  See  Figure  4. 

N  =  174  x  *  300.4195 

y  =9.6435  Y  =  11 . 7942-0. 0043  x 

Sy2  =  7.0037  Se^  =  5.8861 

Sey  »  2. 426  r  =  0. 3994 


N  *  167  5  =  U.4Y3 

9  =  46.927  Y  *  10.45+0.488 

Sy*  *  493.01  Sey2*  101. 4125 

r  -  0.876 


x 


•  Values  deleted  from  above  data  for  plot  of  MCR  versus  MABP;  ••  One  act  of  extra  datum  Included  In  above  data  for  plot  of  MCR  versus  MABP. 
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Table  VI 


This  tabic  present*  the  results  of  experiments  which  show  the  effect  of  variation  In  the  log|Q  of  mean  arterial  blood  pressure  (MABP)  on  measured  coronary  return 
flow  OtfCIt);  the  effect  of  variation  In  the  product  of  the  mean  arterial  blood  times  heart  rate  on  measured  coronary  return  flow;  and  also  the  effect  of  variation  In 
the  log 1 0  of  the  product  of  mean  arterial  blood  pressure  times  heart  rate  on  measured  coronary  return  flow. 


Exp. 

No. 

Femoral 

mm.Hg. 

MABP 

log|0  MABP 

B..U 

/min. 

HR 

MABP  x  HR 

tooo 

,o*10rT&r 

HRI  ml/mln 
\  MCR 

Exp. 

No. 

Pemoral 

mm.  Hg. 
MABP 

l°g|0  MABP 

Beats 

/  min. 
HR 

MABP  x  HR 
1000 

i„...«ABP  > 

,,0(— T5ST 

HR)  ml/mln. 
>  MCR 

a 

X 

y 

X 

X 

y 

Cont . 

•05 

90 

1.9913 

114 

11.173 

1.0480 

46 

310 

57 

1.7559 

156 

8.892 

0.  9490 

36 

100 

3.  0000 

114 

11. 400 

1. 0569 

50 

67 

1.8261 

156 

10.  452 

1.  0191 

40 

101 

3.0043 

130 

13.  I»0 

1. 0835 

48 

60 

1.8129 

156 

10.  140 

l.  0060 

41 

14 

1.3003 

ISO 

X 

0.4472 

24 

66 

1.6129 

150 

9.750 

0.  9690 

36 

M 

1.4473 

120 

\  ** 

0.  5263 

24 

45 

1. 6532 

144 

6.  480 

0.6116 

32 

47 

1.6721 

144 

6.  768 

0.0304 

32 

304 

*4 

3 .  03 1  X 

156 

w 

1.2144 

78 

15 

1.  1761 

120 

1.800 

0.2553 

12 

•C 

3.0006 

163 

4  • 

1. 2165 

64 

17 

1.3304 

120 

2.  040 

0.  3096 

13 

3.  0130 

163 

4* 

1.2224 

68 

16 

1.  2041 

120 

1. 920 

0.2633 

12 

113 

3.  0011 

160 

4  4 

1.2786 

70 

24 

1  .  30  02 

114 

2.736 

0.4371 

24 

114 

3.  0000 

160 

M 

1.2821 

66 

20 

1  3010 

174 

2.  280 

0.  3579 

24 

54 

1.7334 

166 

•64 

0. 9525 

46 

22 

1  3424 

115 

2.  506 

0.  3993 

24 

54 

1.7343 

160 

*04 

0.  9496 

46 

53 

1.7343 

172 

116 

0.  9598 

46 

316 

105 

2.0312 

144 

15.  120 

1. 1618 

40 

51 

1.7070 

173 

f  72 

0.  9431 

48 

103 

2.  0128 

150 

15.  450 

1.  1809 

45 

50 

1. 6990 

171 

600 

0.  9345 

40 

103 

2  0126 

150 

15.  450 

1. 1889 

50 

50 

1. 6990 

170 

•  500 

0.  9294 

48 

70 

1.8451 

150 

10.500 

1.0212 

40 

33 

1.5051 

163 

'  316 

0.7173 

30 

TO 

1.8451 

150 

10.  500 

1.0212 

44 

30 

1.4473 

111 

330 

0.  6263 

27 

68 

1.6325 

150 

10.  200 

1.0066 

42 

36 

1.4150 

14* 

•  796 

0.  5793 

26 

50 

1.6990 

150 

7.  500 

0.0751 

34 

34 

1. 3003 

1(K< 

i.  400 

0.  3003 

21 

50 

1. 6990 

150 

7.  500 

0.0751 

30 

33 

1. 3617 

io< 

t .  300 

0.  3617 

20 

50 

1. 6990 

150 

7.  500 

0.8751 

33 

30 

1.  3010 

7* 

1 . 520 

0.  1616 

5 

27 

1.4314 

150 

4.050 

0.  8075 

32 

27 

1. 4314 

150 

4.050 

0.  6075 

32 

300 

130 

3.0790 

133 

15.640 

1. 1998 

62 

27 

1.4314 

150 

4.  050 

0.  6075 

32 

137 

2. 1038 

136 

17.272 

1.2352 

64 

18 

1.2553 

144 

2.592 

0.  4136 

27 

130 

3.  1139 

132 

17. 160 

1.2345 

64 

18 

1.2553 

138 

2.  404 

0.  3952 

26 

135 

3.  1303 

132 

17.820 

1.2509 

50 

18 

1.2553 

144 

2.592 

0.4136 

27 

137 

3. 1367 

136 

17. 536 

1.2440 

60 

135 

3.  1303 

132 

17.820 

1. 2509 

62 

317 

89 

1. 9494 

144 

12.016 

l. 1079 

42 

130 

3.0793 

136 

16.  320 

1.2128 

58 

83 

1.9191 

150 

12.  450 

1.0951 

40 

135 

3. 0969 

132 

16.  500 

1.2175 

63 

77 

1.8865 

150 

11. 550 

1. 0635 

40 

135 

3. 1303 

132 

17.820 

1.2509 

50 

99 

1.9956 

144 

14.256 

1.  1540 

40 

135 

3.1303 

144 

19.  440 

1.2866 

62 

45 

1.6532 

150 

6.750 

0.0293 

34 

133 

3.  1306 

136 

11.952 

1.2541 

56 

50 

1. 6990 

150 

7.  500 

0.0751 

34 

115 

3. 0607 

156 

17. 940 

1.2539 

62 

52 

1.7160 

150 

7.800 

0.6921 

40 

115 

2.0607 

160 

19.  320 

1.2860 

66 

44 

1.6435 

150 

6.  600 

0.8195 

30 

130 

3.0792 

160 

20.  160 

1.  3045 

60 

50 

1.6990 

150 

7.  500 

0.  8751 

32 

133 

2.0064 

160 

20.  496 

1. 3115 

64 

52 

1.7160 

150 

7.800 

0.6921 

34 

135 

2.0969 

166 

21. 000 

1. 3222 

84 

33 

1.5185 

144 

4.752 

0.  6770 

26 

100 

2.0000 

160 

16.800 

1.2253 

60 

30 

1.4771 

144 

4.  320 

0.6355 

26 

90 

1.9912 

160 

16.464 

1.2164 

60 

30 

1.4471 

144 

4.  320 

0.  6355 

26 

100 

2.0000 

162 

16.200 

1.2095 

54 

16 

1.2041 

84 

1.344 

0.  1264 

16 

95 

1.0777 

156 

14.820 

1.  1709 

56 

16 

1.2041 

64 

1.  344 

0.  1284 

17 

100 

2.  0000 

156 

15. 600 

1.1931 

56 

17 

1.2304 

84 

1.428 

0.  1546 

20 

55 

1.7404 

156 

8.  580 

0.9335 

46 

55 

1.7404 

156 

8.580 

0.  9335 

46 

318 

82 

1.9085 

156 

12.792 

1. 1069 

56 

57 

1.7559 

156 

8.892 

0. 9490 

44 

82 

1. 9085 

156 

12.792 

1. 1069 

56 

60 

1.7702 

156 

9.  360 

0.9713 

44 

80 

1.9031 

156 

12.  400 

1.0961 

52 

28 

1.4472 

150 

4.  200 

0.  6232 

35 

310 

no 

2.0414 

156 

17. 160 

1.2345 

40 

30 

1.4771 

156 

4.  600 

0.  6702 

34 

105 

2.0212 

160 

17.640 

1.2465 

40 

30 

1.4771 

156 

4.600 

0.  6702 

36 

100 

2.0000 

150 

15.  000 

1.1761 

38 

27 

1.4314 

156 

4.212 

0.  6245 

34 

35 

1.5441 

150 

5.250 

0.7202 

26 

27 

1.4314 

156 

4.212 

0.  6245 

34 

43 

1. 6335 

150 

6.  450 

0.  8096 

28 

27 

1. 4314 

156 

4.212 

0.  6245 

35 

45 

1.  6532 

150 

6.750 

0.8293 

32 

22 

1. 3424 

156 

3.  432 

0.5356 

34 

47 

1.6721 

156 

7.  332 

0.8652 

33 

23 

l. 3617 

156 

3.586 

0.5549 

33 

55 

1.7404 

156 

8.  580 

0. 9335 

48 

25 

1. 3979 

156 

3.  900 

0. 5911 

33 

55 

1.7404 

156 

8.  580 

0. 9335 

36 

19 

1.2788 

150 

2.850 

0. 4548 

30 

57 

1. 7559 

156 

8.892 

0. 9490 

34 

19 

1. 2788 

150 

2.850 

0. 4548 

28 

19 

1.2788 

150 

2.850 

0. 4548 

30 

PLOT  of  MCR  versus  logj0  MABP  PLOT  of  MCR  versus  log10  MABP  x  HR 

ECR  =  44.6J12  logio  MABP  -  35.8183  ECR  *  4.6354  4  41.055  loglo!MABP  *  ^  1 

(  1000  | 


Equation 

-5.  See  Figure  6. 

Equation  -10. 

See  Figure  12. 

N 

=  115 

N 

115 

5 

-  1.72 

5 

0.8747 

y 

«  40.75 

f 

40.7479 

"  44.  6212  logl0  x  -  35.8183 

Y 

4.8354  +  41.055  log10 

Sy2 

«  219.4929 

(MABP  x  HR) 

Sty2 

»  50.8 

(  1000  ) 

Sey 

«  7.  13 

Sy  2 

219.  4929 

r 

=  0.8767 

Sey2 

42.  916 

Sey 

6.  551 

r  e 

0.897 

: 


9# 

«* 

. 

. 


This  table  presents  the  results  of  experiments  which  indicate  the  values  of  percent  oxygen  saturation  of  femoral  arterial 
blood  and  corresponding  O2  contents  in  volumes  percent  (AO2).  The  indicated  average  values  for  the  latter  in  the  upper 
half  of  the  table  were  used  to  obtain  the  (A-V)  O2  differences  recorded  in  Table  VIII  and  the  average  values  for  the  O2 
contents  presented  in  the  lower  half  of  the  table  in  some  instances  were  used  to  obtain  the  (A-V)  O2  differences  recorded 

in  Table  LX. 
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Table  VII 


• 

H 

3 

U  .  N 

0 

0  ®  n 

0 

0 

6  0  3 

(U  > 

1 

b 

»n  . 

S  3 

0  E 

u 

<— 

3  0 

0 

t-  ..*H 

S  *'*♦* 

a> 

lac 

0  2 

£? 

S  ^  2 

cd 

fc  3 

K 

CO 

J  1 


©  n  o  h 

•  •  •  • 

t*-  O)  it  CO 

H  H  N 


if)  CD  H  Tf 
•  •  •  • 
CD  CO  O  ^ 
O)  O)  O)  wH 


O  COO-hMOOC'*  J 

r-"  03  rf  co  o’  t-’  to  00 

^■4  CM  ^  ^  v* 


8 

•4-* 

ft 

§ 

o 

cd 

3 

u 

cd 

U 


m 

1 

o 

CM 

CO 

8 


0) 

00 

c 

cd 

K 


& 

£  o" 

o< 


C 

o 

•t-t 

o  2 

3 

cd 

in 


OOHCOffift'Ht' 


t-Ntecoc-oo’tn 

hNhhhhhN 


'tH'frtnotoin 


0303030303030303 


03 


coHcoo)t»t-Hr-in  00 

t-’  n  «)'  co  t-'  co  «  o'  CO 


in 

1 

o 

oo 

M  S 

O  6 
u 


M 


Ml  O' 

t-  . 
O  TO 

6  o 

0)  > 


c 

o 

m’-CS 

O  g 

*  3 

cd 

m 


CO0lOrtHOO^t* 


^4  OJ  H  wH  ^ 


OCOHOd'iOMh 


OOhHMOOt^Of 

0)0)00)0)0)0)0) 


m 

a> 


cocoin«Hoo^^«com 


m 

cm 

cm 

1 

o 

in  • 

C 

o  s 

u 


W> 


3  ^ 

u 

O  0 

6  1 
<d  - 


c 

o 

<?! 

CO 


CM 

00 

CO 

CM 

m 

• 

• 

• 

• 

• 

• 

• 

05 

H 

03 

05 

H 

CM 

H 

H 

CM 

CM 

CO 

O 

0 

03 

CO 

CO 

• 

• 

• 

• 

• 

• 

• 

CO 

H 

CO 

CO 

03 

CO 

03 

03 

0 

03 

03 

03 

03 

00 

05 


rH  N  Tf  03  0  N  m 

•  •  •  •  •  •  • 

O)  iH  O)  05 

»H  N  H  *=-1  CM 


• 

a 

6 

05 

CM 

CO 

■*r 

in 

co 

CO 

<3 

Q) 

05 

CM 

CO 

m 

CO 

co 

CO 

c^» 

co 

X 

00 

05 

05 

03 

05 

03 

05 

03 

00 

05 

05 

05 

05 

05 

05 

03 

wH 

W 

F—i 

CM 

CM 

CM 

M 

CM 

CM 

(M 

*5 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

IN 

CO 

CO 

CO 

00 

CO 


o 

e 

05 


s 

4) 

s 


. 


::  -  ' 


37 


Table  VIII 


This  table  preaenta  the  reaulta  of  experlmenta  which  show  the  effect  of  variation  In  myocardial  oxygen  con- 
aumption  (qC>2)  on  coronary  return  flow  (MCR).  Note  that  average  valuea  for  the  arterial  O2  content  (AO2) 
were  used  and  the  method  of  averaging  valuea  is  explained  in  Table  VT1. 


Femoral 

MCR 

(A-V) 

(A-V)  02  x  MCR 

Exp. 

Vola.% 

Vola.% 

02 

100 

ml.  / min. 

No. 

AO2 

VO2 

Diff. 

qC>2 

MCR 

X 

y 

299 

19.8 

2.2 

17.  6 

3.  34 

19 

«  33 
l  § 

301 

19.8 

0.9 

18.9 

2.27 

12 

3  2  3 

302 

19.8 

1.0 

18.8 

2.07 

11 

L  ~  0 

304 

19.8 

1.1 

18.7 

3.74 

20 

3  g  0 

305 

19.8 

1.1 

18.7 

2.  96 

16 

5 

306 

19.8 

1.8 

18.0 

4.  00 

5 

W>  ft 

307 

19.8 

1.9 

18.9 

3.  40 

18 

cn  © 

0 

310 

19.8 

1.0 

18.8 

2.26 

12 

299 

19.5 

2.3 

17.2 

7.05 

41 

301 

19.5 

1.1 

18.4 

6.  07 

33 

IO  3 

S3 

2* 

302 

19.5 

3.5 

16.0 

6.56 

41 

303 

304 

19.5 

19.5 

2.4 

0.4 

17. 1 

19. 1 

4.  79 

4.  77 

28 

25 

305 

19.5 

1.7 

17.8 

4.  27 

24 

m  * 

306 

19.5 

0.5 

19.  0 

4.  75 

25 

P-ft 

307 

19.5 

3.2 

16.  3 

7.  50 

46 

308 

19.5 

2.6 

16.9 

7.  60 

45 

|g 

310 

19.5 

3.3 

16.  2 

5.  51 

34 

311 

19.5 

1.4 

18.  1 

6.  33 

35 

2 

312 

19.5 

1.1 

18.  4 

4.  60 

25 

299 

19.4 

2.7 

16.7 

7.01 

42 

301 

19.4 

3.4 

16.  0 

8.  00 

50 

50 

cj 

io  <5 

302 

19.4 

8.0 

11.4 

7.  98 

70 

303 

19.4 

5.8 

13.6 

7.  62 

56 

O  * 

304 

19.  4 

2.2 

17.2 

6.  19 

36 

305 

19.  4 

2.5 

16.9 

8.  11 

48 

£ 

306 

19.4 

1.  3 

18.  1 

8.  69 

48 

a 

2.  & 

307 

19.  4 

3.  3 

16.1 

8.85 

55 

to 

308 

19.4 

3.5 

15.9 

10.02 

63 

3  2 
?! 

310 

19.4 

3.  6 

15.8 

6.  16 

39 

311 

19.4 

2.  1 

17.  3 

8.  82 

51 

l 

312 

19.4 

3.2 

16.  2 

6.  16 

38 

299 

19.4 

2.  5 

16.  9 

10.  S8 

65 

2  * 

302 

303 

19.  4 

19.4 

4.8 

10.  0 

14.  6 

9.4 

12.85 

8.  93 

88 

95 

►-  ft 

304 

19.4 

3.  1 

16.  1 

9.  18 

57 

"2. 

306 

19.4 

2.  1 

17.  3 

11.94 

69 

O  O 

307 

19.  4 

5.  4 

14.  0 

10.  50 

75 

O  P 

O 

308 

19.  4 

4.  4 

15.  0 

9.  30 

62 

3  B 

311 

19.  4 

3.7 

15.7 

7.  54 

48 

C.  0 

312 

19.  4 

4.  0 

15.  4 

7.  08 

46 

3  i 

?  7 

PLOT  of  MCR  versus  c£>2 
ECR  =  7.  3093  x  -  7.  3111 
Equation  -6.  See  Figure  7. 


N 

X 

y 

Y 


Sey 

Sey 


2 


41 

6.  726 
41.854 

7.  3093  x  -  7.  3111 
453. 9043 

62. 244 

7.89 

0.929 
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Table  IX 


This  table  presents  the  results  of  experiments  which  show  the  effect  of  variation  In  myocardial  oxygen  consump¬ 
tion  (q02)  on  measured  coronary  return  flow  (MCR);  the  effect  of  variation  In  mean  arterial  blood  pressure 
(MABP)  on  myocardial  oxygen  consumption;  and,  finally,  the  effect  of  variation  In  the  logjo  of  the  product  of 
mean  arterial  blood  pressure  times  heart  rate  (HR)  on  myocardial  oxygen  consumption. 


Exp.  ml.  /m in.  Femoral  Beats  MABP  x  HR  logjo  of 
No.  MCR  mm.  Hg.  / min.  1000  (MABP  x  HR) 


Femoral 

Og  content 
VolB.% 


Coronary 

O2  content 
Vols.% 


(A-V) 


(A-V)Q2xMCR 

100 


MABP 

HR 

< 

1000  ) 

AO2 

V02 

q02 

y 

X 

X 

y 

305 

48 

101 

120 

12. 120 

1. 0835 

18.8 

2.5 

16.  3 

7.82 

24 

28 

120 

3.  360 

0.  5263 

18.  8 

1.7 

16.  9 

4.  06 

306 

68 

103 

162 

16. 686 

1. 2224 

18.  1 

2. 1 

16.  0 

10.88 

46 

53 

172 

9.  116 

0.  9598 

18.  8 

1. 3 

17.5 

8.05 

26 

26 

146 

3.796 

0.  5793 

18.8 

0.5 

18.  3 

4.76 

5 

20 

76 

1.  520 

0.  1818 

19.0 

0.8 

18.  2 

0.91 

308 

64 

130 

132 

17. 160 

1. 2345 

18.  1 

4. 4 

13.7 

8.77 

66 

115 

168 

19. 320 

1. 2860 

18.8 

3.5 

15.  3 

10.  10 

44 

57 

156 

8.892 

0.  9490 

18.8 

2.6 

16.  2 

7.  13 

310 

48 

55 

156 

8.  580 

0.  9335 

18.8 

3. 3 

15.5 

7.44 

38 

100 

150 

15.000 

1.  1761 

18.  8 

3.  6 

15.  2 

5.78 

316 

50 

103 

150 

15.450 

1. 1889 

19.3 

5.  1 

14.2 

7.10 

42 

68 

150 

10.200 

1.  0086 

19.  5 

4.  5 

15.  0 

6.  30 

33 

50 

150 

7.500 

0.8751 

18.8 

4.  3 

14.5 

4.78 

32 

27 

150 

4.050 

0.  6075 

20.  3 

4.0 

16.  3 

5.22 

, 

27 

18 

144 

2.592 

0.  4136 

18.8 

3.2 

15.  6 

4.  21 

317 

40 

77 

150 

11.550 

1. 0625 

17.8 

4.7 

13.  1 

5.  24 

48 

99 

144 

14. 256 

1.1540 

18.  1 

6.  5 

11.6 

5.  57 

40 

52 

150 

7.800 

0.8921 

18.8 

5.  1 

13.  7 

5.  48 

34 

52 

150 

7. 800 

0.  8921 

18.  8 

4.  6 

14.  2 

4.83 

26 

30 

144 

4.  320 

0.  6355 

18.  8 

3.  9 

14.  9 

3.  87 

20 

17 

84 

1.  428 

0. 1546 

18.  8 

2.8 

16.  1 

3.  22 

318 

52 

80 

156 

12. 480 

1. 0961 

16.  2 

3.  1 

13.  1 

6.81 

36 

30 

156 

4.  680 

0.  6702 

18.8 

3.  7 

15.  1 

5.  44 

35 

27 

156 

4.  212 

0.  6245 

18.8 

2.  5 

16.  3 

5.70 

33 

25 

156 

3.  900 

0.  5911 

16.  5 

2.  2 

14.  3 

4.72 

30 

19 

150 

2.  850 

0.  4548 

19.  0 

1.  1 

17.  9 

5.  37 

PLOT  of  MCR  versus  q02 

PLOT  of  q02 

versus  MABP 

PLOT  of  q02 

versus  loPl0<MABPxHR> 

1  (  1000  ) 

ECR  - 

0.  6614  +  S.  59  q02 

qOz  =  3. 

2253  +  0.  046  MABP 

q°2 

=  1.  5714 

+  5.  2163 

1  !°gl0 

(MABP  x  HR) 

Equation  -7. 

See  Figure  8. 

Equation 

-8. 

See  Figure  9. 

(  1000  ) 

Equation  -8. 

See  Figure  10. 

N 

, 

27 

N 

- 

27 

N 

27 

X 

= 

5.  91 

X 

= 

57.85 

X 

= 

0.8316 

y 

St 

39.  074 

y 

IS 

5.  906 

y 

5.  906 

Y 

= 

0.  6614  t  6.  59 

X 

Y 

- 

3.  2253  +  0.  0464 

X 

Y 

-- 

1.  5714 

+  5.  2163 

Sy22 

Sey2 

= 

195.  92 

15.74 

Sy2 

Sey2 

4.  243 

3.  434 

(MABP  x  HR) 

810  (  Tooo  ) 

Sey 

= 

3.  97 

Sey 

= 

1.85 

Sy2? 

ft 

4.  2430 

r 

= 

0.  959 

r 

= 

0.  44 

Sey2 

= 

1.5131 

Sey 

- 

1.23 

r 

= 

0.  8021 

7  .  _ 
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Table  X 


This  table  presents  results  of  determinations  of  Experiment  314  to 
show  the  effect  of  variation  in  cardiac  output  (CO)  on  the  pressures 
in  the  superior  vena  cava  (PS  VC)  and  in  the  inferior  vena  cava(PIVC) 
during  the  complete  right-heart  by-pass  procedure,  when  the  level  of 
blood  in  the  reservoir  was  located  35  to  45  cm.  below  the  heart  level. 


Time 

ml.  / min. 

CO 

cm.  H2O 
PSVC 

cm .  H2O 
PIVC 

10:20  a.  m. 

850 

2-3  neg. 

1  neg. 

10:47 

975 

2-5  neg. 

4  pos. 

11:04 

975 

2-5  neg. 

0-1  pos. 

11:06 

620 

2-5  neg. 

1.5-2  neg. 

11:20 

350 

3  neg. 

2-2.  5  neg. 

11:23 

200 

3  neg. 

2-2. 5  neg. 

. 


his  table  presents  a  summary  of  the  regression  analysis  of  all  the  relationships  for  which  regression  lines  were  calculated  and  the  table  includes:  Equ 
on  -  general  form  (Y  a  ♦  bx);  Number  of  observations  (N);  Mean  values  (x  and  y);  Standard  error  of  estimate  (Sey);  Coefficient  of  correlation  (r). 
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Discussion 

This  phase  of  the  work  was  based  upon  the  assumption  that, 
if  blood  were  pumped  into  the  taped  pulmonary  artery,  thus  preventing 
regurgitation  into  the  right  ventricle,  equivalent  amounts  of  blood  would 
be  ejected  into  the  arterial  system  by  the  left  ventricle.  This  is  a 
reasonable  assumption.  Seely  &  Gregg  (1950)  and  Seely  &  Nerlich  & 
Gregg  (1950)  described  a  complete  right-heart  by-pass  procedure  in 
which  they  considered  that  the  controlled  rate  of  flow  of  blood  through 
the  pulmonary  artery  was  equivalent  to  the  cardiac  output.  They  found 
good  correlation  between  calculated  cardiac  output,  utilizing  the  Fick 
principle  and  the  measured  cardiac  output  equivalent  to  the  pulmonary 
artery  controlled  flow. 

An  explanation  for  the  use  of  pure  oxygen  in  this  series  of 
experiments  is  deserving.  The  coronary  vessels  are  very  sensitive  to 
hypoxia  (Eckenhoff  &  Hafkenschiel  &  Landmesser,  1947).  Alella  et  al. 
(1955)  were  aware  of  this  in  their  work  on  cardiac  oxygen  consumption 
and  coronary  blood  flow,  as  is  evidenced  by  the  following  quotation  from 
their  article: 

"The  necessity  of  maintaining  a  physiological  content  of  arterial 
oxygen  has  not  been  adequately  considered  in  the  literature  and 
may  be  responsible  for  the  wide  variation  in  reported  values  of 
coronary  blood  flow.  " 

It  has  been  observed  in  experiments  preceding  the  present 
series  that,  in  the  open- chest  dog,  if  the  animal  were  respired  with 
compressed  air,  utilizing  the  respirator  described,  the  degree  of  oxygen 
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saturation  of  the  arterial  blood  was  usually  between  75  and  85  percent, 
even  with  what  appeared  like  very  adequate  inflation  of  the  lungs.  However, 
by  substituting  pure  oxygen  for  the  respiring  agent,  the  saturation  of  the 
arterial  blood  could  be  raised  to  the  95%  level  consistently.  The  only 
reference  in  the  literature  that  confirmed  this  same  situation  was  that 
of  Alella  in  1954,  who  found  that,  in  intact  dogs,  artificially  respired 
with  open  chests,  the  dogs  usually  developed  hypoxemia  (75  -  85% 
saturation).  He  felt  that  the  only  way  to  correct  this  was  by  using 
pure  oxygen. 

It  was  considered  imperative  to  remove  hypoxemia  as  a  possible 
variable  in  these  studies.  Owing  to  the  lack  of  equipment  to  administer 
an  accurate  mixture  of  carbon  dioxide  and  oxygen,  pure  oxygen  was 
resorted  to  for  the  respiring  agent. 

The  apparent  dependenqy  of  coronary  return  flow  upon  cardiac 
output  (see  Figure  3)  in  this  study  had  to  be  weighed  in  the  light  of  two 
rather  important  publications.  Firstly,  it  was  noted  by  Braunwald  et  al. 
(1958)  in  an  insitu  heart  preparation  that: 

"When  work  was  increased  285%  by  augmenting  cardiac  output, 

a  58%  increase  in  coronary  flow  occurred . when 

work  was  increased  302%  primarily  by  elevating  aortic  pressure, 
a  287%  increase  in  coronary  flow  occurred.  " 

In  an  earlier  report,  Alella  et  al.  (1955)  stated  that: 

"The  effect  of  the  cardiac  output  per  se  on  the  coronary  flow  is 
difficult  to  evaluate  because  of  the  concomitant  changes  in  blood 

pressure .  The  good  correlations  between  coronary 

flow  and  cardiac  output  reported  in  the  past  may  be  due  to  the 
simultaneous  increases  of  aortic  pressure  and  oxygen  consump¬ 
tion  and  cardiac  output  increase . But,  within  the  range  of 

conditions  studied  in  the  present  experiments,  changes  of  coro¬ 
nary  flow  with  changes  of  cardiac  output  were  random  in  charac¬ 
ter.  " 
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It  would  seem  that  the  cardiac  output  exerts  its  influence  upon  the  coronary 
return  secondarily,  through  the  medium  of  the  systemic  blood  pressure. 

The  ratio  that  the  coronary  flow  appeared  to  bear  to  the 
caval  return  (see  Figure  4)  would  seem  to  be  of  value  for  predicting 
coronary  flow,  but  again  the  foregoing  remarks  about  coronary  flow  and 
cardiac  output  would  apply;  nevertheless,  these  foregoing  remarks 
would  be  partially  negated,  as  long  as  one  remained  within  the  experi¬ 
mental  conditions  upon  which  the  formula  was  based  when  applying  it. 

It  has  been  established  that  blood  pressure  affects  the  coronary 
flow  (Anrep  &  King  1928,  Hausner  et  al.  1940,  Eckenhoff  &  Hafkenschiel 
&  Landmesser  1947  and  Osher  1953).  As  noted  above,  Braunwald  et  al. 
in  1958,  showed  that  holding  the  cardiac  output  constant  and  increasing 
the  aortic  blood  pressure  caused  a  marked  increase  in  the  coronary  flow. 
But,  as  Alella  et  al.  in  1955  pointed  out: 

"The  coronary  flow  is  not  related  to  the  cardiac  output.  Mean 
aortic  pressure  affects  the  coronary  flow  but,  at  the  same 
time,  produces  significant  changes  in  oxygen  consumption. 

Within  the  limits  of  these  experiments,  the  pure  mechanical 
effect  of  aortic  pressure  on  coronary  flow,  independent  of 
its  oxygen  consumption  effect,  is  slight.  Oxygen  consump¬ 
tion  appears  to  be  the  most  important  factor  determining  coro¬ 
nary  flow.  " 

Under  the  conditions  of  the  present  experiment,  the  plot  of  the  coronary 
return  versus  the  mean  arterial  blood  pressure  would  predict  fairly  well 
the  coronary  flow  (see  Figure  6,  Sey  =  7.  1  ml.  /min.) 

As  mentioned,  one  of  the  parameters  upon  which  coronary 
flow  is  most  dependent  is  oxygen  consumption  (Litwak  et  al.  195  9, 
Braunwald  et  al.  1958,  Alella  et  al.  1955  and  Foltz  et  al.  1950).  This 
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relationship  was  confirmed  in  our  studies  (see  Figures  7  and  8, 
coefficients  of  correlation  r  =  0.  93  and  0.  96  respectively). 

The  coronary  flow  is  markedly  affected  by  the  oxygen  consump¬ 
tion,  which  is  a  logical  relationship  for,  if  the  myocardium  consumes 
more  oxygen,  an  increase  in  the  coronary  flow  would  bring  the  heart 
muscle  more  oxygen.  Then  it  is  interesting  to  note  to  what  the  myocardial 
oxygen  consumption  is  best  related.  Sarnoff  et  al.  1958  reported  a 
rather  unique  type  of  experiment  in  which: 

"With  mean  aortic  pressure  and  heart  rate  held  constant,  cardiac 
output  was  progressively  augmented  and  an  increase  in  peak 
systolic  pressure  occurred  in  each  of  three  experiments.  A 
similar  increase  in  peak  systolic  pressure  was  then  brought 
about  in  each  instance  by  the  resonance  chamber  without  alter¬ 
ing  stroke  volume  and,  therefore,  without  the  concomitant  in¬ 
crease  in  the  duration  of  systole . In  the  latter  instance,  a 

substantially  smaller  qC>2  increment  was  observed  than  during 
the  prior  flow  run,  indicating  that  the  peak  systolic  pressure, 
per  se,  cannot  be  considered  the  fundamental  determinant  of 

q°2-" 


It  was  in  this  way  that  Sarnoff  et  al.  showed  that  the  myocardial  oxygen 
consumption  was  not  only  related  to  the  mean  systolic  pressure,  but  also 
the  duration  of  systole  and  what  they  termed  the  Tension- Time-Index  in 
mm.Hg.  /sec.  and  is  defined  as  the  product  of  the  mean  systolic  pressure 
and  the  duration  of  systole. 

Gerola  &  Feinberg  &  Katz  (1957),  noting  this  relationship  of 
myocardial  oxygen  consumption  to  Tension- Time-Index,  reviewed  data 
from  their  own  experiments  and  noted  that  there  was  good  correlation 
between  myocardial  oxygen  consumption  and  the  product  of  mean  arterial 
blood  pressure  and  heart  rate,  which  is  essentially  the  same  as  the 
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Tension- Time-Index  described  by  Sarnoff  et  al.  (1958),  only  easier  to 
calculate. 

This  relationship  reported  by  Gerola  et  al.  was  also  plotted 
for  our  experiments  (see  Figure  10)  and  a  reasonably  good  correlation 
was  exhibited  (r  =  0.  80).  It  was  further  surmised  that,  since  coronary 
flow  and  myocardial  oxygen  consumption  were  related  and,  since  myocar¬ 
dial  oxygen  consumption  appeared  to  be  related  to  the  product  of  mean 
arterial  blood  pressure  and  heart  rate,  then  one  could  expect  a  correlation 
to  exist  between  coronary  return  flow  and  the  product  of  mean  arterial 
blood  pressure  and  heart  rate.  This  was  actually  found  to  be  the  case 
and  the  relationship  is  seen  in  Figures  11  and  12.  The  correlation  was 
somewhat  improved  if  the  product  of  the  mean  arterial  blood  pressure  and 
heart  rate  over  1000  was  expressed  logarithmically,  owing  to  the  exponen¬ 
tial  nature  of  the  plot  (see  Figure  11). 

It  would  seem,  in  view  of  the  foregoing  dissertation,  that  the 
equation  for  the  regression  line  of  the  coronary  return  flow  on  the  logio 
of  the  product  of  the  mean  arterial  blood  pressure  and  heart  rate  over 
1000  would  be  the  most  logical  choice  of  the  equations  developed  for  pre¬ 
dicting  the  coronary  flow  in  the  controlled  caval  return  preparation. 
Accordingly,  the  equation  was  tested  in  an  additional  six  experiments, 
which  are  described  below.  The  summary  of  the  regression  analyses 
is  presented  in  Table  XI  and  it  can  be  seen  that,  of  the  applicable  equations, 
the  value  for  the  Sey,  resulting  from  the  regression  of  coronary  return 
on  the  product  of  blood  pressure  and  heart  rate,  gives  the  lowest  value 
of  all  the  values  for  Sey  determined. 
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TEST  OF  EQUATION  FOR  THE  REGRESSION  LINE  OF  CORONARY 
RETURN  FLOW  ON  THE  LOGjo  OF  THE  PRODUCT  OF  MEAN  AR- 


TERLAL  BLOOD  PRESSURE  AND  HEART  RATE  OVER  1000. 
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Chapter  III. 

Test  of  Equation  for  the  Regression  Line  of  Coronary  Return  Flow  on 

the  Log-]  p  of  the  Product  of  Mean  Arterial  Blood  Pressure  and  Heart 

Rate  Over  1000. 

It  is  the  purpose  in  this  chapter  to  evaluate  the  above  equa¬ 
tion  and  also  to  show  that  the  resultant  sum  of  estimated  coronary  return 
plus  known  caval  return  blood  flow  gives  a  better  index  of  cardiac  output 
than  if  just  the  caval  return  blood  flow  is  used  as  an  index. 

Experimental  Methods 

The  above-mentioned  evaluation  was  studied  in  six  dogs  rang¬ 
ing  in  weight  between  12.  5  kg.  and  16  kg. ,  with  a  mean  weight  of  14.  4  kg. 
The  cardiac  output  of  each  dog  was  held  constant  for  a  period  of  2  hours, 
by  means  of  the  complete  right-heart  by-pass  procedure.  The  only 
difference  between  the  preparation  used  in  this  experiment.  Figure  13, 
and  that  illustrated  previously  in  Figure  1  was  the  method  used  for  caval 
blood  flow  drainage.  In  the  experiment  described  below,  it  was  found 
easier  to  perform  caval  drainage  by  placing  a  catheter  in  the  left  external 
jugular  vein  to  the  level  of  the  superior  vena  cava  and  a  tapered  catheter 
in  the  femoral  vein  to  the  level  approximately  of  the  bifurcation  of  the 
inferior  vena  cava,  than  by  the  method  described  in  the  previous  chapter. 
Thus,  upon  occlusion  of  the  cavae,  blood  flowed  in  a  retrograde  manner 
into  the  large  venous  reservoir,  effectively  diverting  the  caval  blood  flow. 

A  different  value  for  the  cardiac  output  was  used  in  each  of 


Figure  13. 


A.  Schematic  drawing  of  'complete  right-heart  by-pass  preparation', 
differing  from  the  preparation  presented  in  Figure  1  only  in  the 
method  of  caval  drainage. 

B.  Enlarged  diagram  to  indicate  the  specific  location  of  the  catheters 
in  heart  and  adjacent  vessels. 

C.  Schematic  drawing  to  illustrate  location  of  jugular  and  femoral  vein 
catheters. 


Legend  for  the  respective  numbers: 


1.  1/4"  I.  D.  Mayon  tubing  which  drained  blood  from  the  superior  vena 
cava. 

2.  1/4"  I.  D.  Mayon  tubing  which  drained  blood  from  the  inferior  vena 


cava. 

3.  16  French  catheter,  located  in  the  right  ventricle  and  draining 
coronary  return. 

4.  No.  8  or  9  size  endotracheal  cuffed  tube. 

5.  1  litre  size  conventional  intravenous  bottle,  used  for  venous  reser¬ 
voir,  held  25  to  45  cm.  below  heart  level. 

6.  Small  reservoir  for  coronary  return,  outflow  of  which  was  inter¬ 
mittently  drained  into  large  venous  reservoir  and  from  which  cathe¬ 
ter  3  was  transferred  to  100  ml.  graduate  for  measurement  of  coro¬ 
nary  return  as  necessary. 

7.  Reflector  Infrared  heat  lamp  250  watt. 

8.  Box  with  plexiglass  front,  in  which  one  litre  venous  reservoir  was 
suspended. 

9.  1/4"  I.  D.  Mayon  tubing. 

10.  5/8"  I.  D. ,  1/8"  W.T. ,  14  inch  long  latex  pump  tubing. 

11.  Sigmamotor  pump.  Model  T-Ml. 

12.  1/4"  I.D.  Mayon  tubing,  for  returning  blood  to  heart  from  venous 
reservoir  through  pulmonary  artery  catheter. 

13.  Statham  transducer,  Model  5287,  P.  23AA,  0-75  cm.  Hg. 

14.  280  PE  tubing,  24  to  36"  in  length,  for  connecting  14  gauge  needle 
or  nylon  catheter  in  right  femoral  artery  to  transducer. 

15.  18  French  Bardic  catheter,  8"  in  length,  introduced  into  the  superior 
vena  cava  via  the  left  external  jugular  vein. 

16.  Tapered  catheter,  made  from  1/4"  I.D.  Mayon  tubing  with  1/32" 

W.  T. ,  introduced  into  right  femoral  vein  to  approximately  bifur- 
cation  of  inferior  vena  cava. 

17.  24  French  Bardic  catheter,  no  side  holes  at  end,  introduced  into 
outflow  tract  of  rigid  ventricle  and  into  pulmonary  artery  for  a 
distance  of  approximately  l". 

18.  Short  picnccs  of  latex  tubing  for  limiting  length  of  catheter  protrud¬ 
ing  into  cither  pulmonary  artery  or  right  ventricle  and  also  for 
sccui  ing  catheters  by  suture. 


19.  Superior  vena  cava. 

20.  Inferior  vena  cava. 
2  I  .  Right  ventricle. 

22.  Pulmonary  artery. 

23.  Aorta. 
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the  six  dogs.  Direct  measurements  of  coronary  return  were  made  at 
approximately  ten  minute  intervals,  during  the  two  hour  perfusion,  by 
allowing  the  coronary  flow  from  the  catheter  in  the  right  ventricle  to 
flow  into  a  100  ml.  graduate  for  a  30  to  60  second  interval.  The  results 
were  expressed  in  ml.  /min.  The  purpose  was  to  be  able  to  compare 
the  predicted  or  estimated  values  of  coronary  return  with  the  observed 
or  measured  values.  At  each  of  these  particular  coronary  return  measure¬ 
ments,  the  mean  femoral  arterial  blood  pressure  and  the  heart  rate 
were  recorded  on  the  Gilson  recorder.  The  value  for  the  caval  return 
was  calculated  by  subtracting  the  actual  measured  value  for  the  coronary 
return  in  ml.  /min.  from  the  cardiac  output  in  ml.  /min.,  the  latter  being 
considered  equivalent  to  the  pumping  rate  of  the  Sigmamotor  pump.  The 
values  of  estimated  coronary  return  werethen  calculated  by  means  of  the 
equation  of  the  regression  line  of  coronary  return  on  the  log^o  of  the 
product  of  mean  arterial  blood  pressure  and  heart  rate  over  1000  (Equation 
-10,  Table  XI). 

Results 

None  of  these  experiments  were  survival  studies;  the  experi- 
me  nts  were  carried  out  so  that,  over  a  period  of  2  hours  of  controlled 
cardiac  output,  comparisons  could  be  made  between  measured  and 
estimated  coronary  return  flows.  The  data  for  the  entire  six  experiments 
are  presented  in  Table  XII.  Part  of  these  data  are  graphed  and  illustrated 
in  Figure  14,  to  show  the  difference  between  the  measured  and  estimated 


coronary  return  values. 
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Comparison  Between  Values  of  Measured  Coronary  Return  and  Estimated 

Coronary  Return: 

There  were  77  observations  made  of  the  measured  coronary 
return  values  for  the  six  experiments  and  it  can  be  seen  from  Table  XII 
that  the  average  difference  between  the  estimated  coronary  return  values 
and  the  measured  coronary  return  values  was  9  ml.  /min.  The  average 
value  for  the  measured  coronary  return  was  33.  4  ml.  /min.  and  the 
average  value  for  the  estimated  coronary  return  was  42.  5  ml.  /min.  On 
the  average,  the  estimated  coronary  return  values  exceeded  the  measured 
return  values  by  30  percent. 

Error  in  Cardiac  Output  Arising  as  a  Result  of  Using  the  Value  of  Caval 

Flow  Solely  as  an  Index  of  Output: 

The  values  of  caval  return  were  obtained  by  subtracting  the 
actual  values  of  measured  coronary  return  from  the  value  of  the  cardiac 
output,  the  latter  being  considered  equivalent  to  the  rate  of  the  Sigmamotor 
pump.  Since  there  were  77  determinations  of  measured  coronary  return, 
there  were,  accordirgly,  77  determinations  of  caval  blood  flow.  The 
results  of  using  the  values  of  caval  return  as  an  index  of  cardiac  output 
are  summarized  in  Table  XII.  Estimated  cardiac  output  was  on  the  average 
6%  lower  than  the  pump  flow  when  caval  return  alone  was  used  as  the  estimate. 
The  Error  in  the  Cardiac  Output,  Arising  as  a  Result  of  Using  the  Value 

of  Caval  Return  Plus  the  Value  of  Estimated  Coronary  Return  as  an  Index 
of  Cardiac  Output: 


It  can  be  seen  from  Table  XII,  utilizing  this  value  as  an  index 
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of  cardiac  output,  that  in  77  determinations  the  average  estimated  cardiac 
output  was  higher  by  +1. 4%  than  the  actual  cardiac  output. 
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Tide  table  preaente  the  result*  of  tlx  teat  experiment*  to  determine  the  difference  between  the  value*  of  estimated  coronary  return  (ECR)  via  Equation  -10. 
Table  XI  and  cneaeured  coronary  return  (MCR).  and  alao  the  ratio  of  theae  difference  (ECR-MCH)  to  MCR  x  100.  The  table  preeent*  data  to  determine  the 
difference  between  the  value  of  cardiac  output  ICO)  that  reault*  from  using  only  the  value  of  caval  return  <CaK)  aa  an  Index  of  output,  e.  g.  CaR/CO  r.  100, 
and  the  value  of  cardiac  output  that  reeulte  from  uelng  an  eatlmated  value  for  the  output  (CaK  *  ECR)  e.  g.  CaP  -  ECR/CO  x  100. 


Exp. 

No. 

ml.  /min. 
CO 

ml.  /min. 
MCR 

co-Mela 

ml.  /min. 

*  CaR 

Femoral 

mm.  Hg. 
MABP 

Beat* 

/  min. 

HR 

ml.  /min. 
ECR 

ECH 

-MCR 

ECR-MCH  . 
— mcTT*  100 

ChR  . 
"c3T*  100 

^  *  100 

-  100% 

CaR+ECR  . 

CO  *  100 

c.tt.EfR  ... 

—CO — 11 100 
-  100% 

341 

510 

34 

476 

33 

132 

39 

-  5 

♦  14.71 

93.  3 

-6.  7 

100.  0 

♦  0.  0 

810 

31 

479 

71 

132 

43 

♦14 

♦  45.  16 

93.9 

-6.  1 

102.7 

♦  2.7 

510 

30 

480 

68 

132 

44 

♦  14 

♦  46.  67 

94.  1 

-5.9 

102.  7 

♦  2.7 

310 

26 

482 

83 

132 

43 

♦  15 

♦  53.57 

94.  5 

-5.  5 

102.9 

♦  2.9 

310 

32 

478 

68 

138 

43 

♦  13 

♦40.  63 

93.7 

-6.  3 

102.8 

♦2.5 

310 

32 

478 

69 

138 

43 

♦  13 

•  40.  63 

93.7 

•0.  3 

102.  5 

♦  2.5 

310 

32 

478 

71 

138 

45 

♦  13 

♦40.  63 

93.  7 

-6.  3 

102.  5 

♦  2.  5 

310 

31 

479 

64 

138 

44 

-13 

-41.94 

93.9 

-6.  1 

102.7 

♦  2.7 

310 

30 

480 

39 

132 

41 

♦  11 

•36.67 

94.  ! 

-5.9 

102.  1 

♦  2. 1 

310 

30 

480 

53 

132 

39 

t  9 

•30.  0 

04.  1 

-5.9 

101.7 

♦  1.7 

SI0 

26 

482 

54 

132 

40 

♦  12 

•42.06 

04.  3 

-5.5 

102.  3 

♦  2.3 

310 

30 

480 

53 

138 

40 

-10 

♦33. 33 

94.  1 

-5.2 

101. 9 

♦1.5 

343 

460 

38 

422 

72 

156 

48 

♦  10 

-26. 32 

91.7 

-8.  3 

102.  2 

♦2.2 

460 

40 

420 

73 

162 

49 

♦  9 

-22.  5 

01.3 

-8.7 

101.9 

♦  1.0 

460 

28 

432 

58 

144 

43 

♦  15 

•53.  57 

93.9 

-6.  1 

103.  3 

♦  3.  3 

460 

29 

431 

75 

144 

47 

♦18 

*62.  07 

93.  6 

-6.  4 

103.0 

♦  3.  9 

460 

29 

431 

83 

150 

50 

♦21 

♦72. 41 

93.  6 

-6.  4 

104.  5 

♦  4.  5 

460 

32 

426 

72 

150 

47 

♦15 

♦46. 88 

93.0 

-7.0 

103.  3 

♦  3.3 

460 

30 

430 

61 

156 

43 

♦13 

♦  43.  33 

93.4 

-6.6 

102.8 

♦  2.8 

460 

28 

432 

55 

156 

43 

♦  15 

♦  53.57 

93.9 

-6.  1 

103.  3 

♦  3.3 

460 

26 

432 

54 

156 

43 

♦  15 

♦  53.  57 

93.  9 

•6.  1 

103.  3 

♦  3.  3 

460 

22 

438 

38 

126 

33 

♦  11 

-50.0 

93.2. 

-4.  8 

102.  4 

♦2.  4 

460 

26 

434 

55 

138 

41 

-15 

-57. 69 

94.3 

-5.7 

103.  3 

♦3.  3 

343 

383 

32 

293 

61 

138 

43 

♦  11 

-34. 38 

90.  1 

-9.9 

103.  4 

♦  3.  4 

333 

31 

294 

34 

144 

"  33 

♦  2 

•  -  6.45 

90.  5 

-9.5 

100.  6 

♦  0.  6 

383 

29 

296 

29 

144 

30 

♦  1 

♦  3.45 

91. 1 

-8.  9 

100.  3 

-0.  3 

333 

28 

297 

24 

138 

26 

-  2 

-  7.  14 

91.4 

-8.  6 

99.4 

-0.6 

323 

28 

297 

25 

132 

26 

-  2 

-  7.  14 

91.  4 

-8.  6 

99.4 

-0.6 

323 

28 

297 

25 

126 

25 

-  3 

-10.71 

91.4 

-8.  6 

99.  1 

-0.9 

323 

28 

297 

25 

126 

25 

-  3 

-10.71 

91. 4 

-8.6 

99.  1 

-0.  9 

323 

31 

294 

25 

126 

25 

-  6 

-19.35 

90.  5 

-9.  5 

98.  1 

-1.9 

325 

30 

295 

26 

114 

24 

-  6 

-20.00 

90.8 

-9.2 

98.  1 

-1.9 

323 

30 

295 

25 

126 

25 

-  5 

-16.67 

90.8 

-9.2 

98.5 

-1.5 

325 

28 

297 

25 

114 

23 

-  5 

-17.06 

91. 4 

-8.6 

98.  5 

-1.5 

325 

30 

295 

25 

104 

22 

-  8 

-26.  67 

90.8 

-9.2 

97.5 

-2.5 

32ft 

28 

297 

25 

114 

23 

-  5 

-17.86 

91.4 

-8.  6 

98.  5 

-1.5 

347 

660 

50 

610 

83 

138 

48 

'  -  2 

-  4.0 

92.  4 

-7.6 

99.  7 

-0.  3 

660 

44 

616 

80 

138 

48 

♦  4 

♦  9.09 

93.  3 

-6.7 

100.  6 

♦  0.  6 

660 

42 

618 

77 

138 

47 

♦  5 

-11.9 

93.6 

-6.  4 

100.  7 

♦0.7 

660 

34 

626 

70 

126 

44 

♦  10 

-29.41 

94.8 

-5.2 

101.5 

♦  1.  5 

660 

36 

624 

63 

126 

42 

♦  6 

♦16.  67 

94.  5 

-5.  5 

100.9 

♦  0.6 

660 

36 

624 

63 

138 

43 

♦  7 

*19.  44 

04.  5 

-5.5 

101. 1 

♦  l.  1 

660 

37 

623 

66 

138 

44 

♦  7 

•16.  92 

94.  4 

-5.  6 

101. 1 

♦  1.1 

660 

38 

622 

66 

144 

46 

♦  8 

-21.05 

94.2 

-5.8 

101.2 

♦  1.2 

660 

40 

620 

67 

150 

46 

♦  6 

♦  15.0 

93.  9 

-6.  1 

100.  9 

-0.  9 

660 

40 

620 

66 

150 

46 

♦  6 

♦  15.  0 

93.  9 

-G.  1 

100.  9 

-0.9 

660 

42 

618 

63 

156 

45 

•  3 

♦  7.14 

93.  6 

-6.4 

100.  4 

-0.  4 

660 

40 

620 

63 

156 

45 

♦  5 

♦  12.  5 

93.  9 

-6.  1 

100.  7 

-  0.  7 

660 

41 

619 

64 

156 

46 

♦  5 

-12.2 

93.8 

-6.2 

100.7 

-0.7 

660 

44 

616 

64 

150 

45 

♦  1 

-  2.27 

93.  3 

-6.7 

100.  1 

-0.  1 

660 

44 

616 

66 

156 

46 

T  2 

*  4.  55 

"3.  3 

-6.7 

100.  3 

♦  0.  3 

348 

830 

26 

804 

69 

126 

43 

♦  17 

-65.  38 

96,9 

-3.  1 

102.0 

♦  2.0 

830 

26 

804 

67 

132 

44 

-  tfl 

-69.23 

96.  9 

-3.1 

102.2 

♦  2.  2 

830 

26 

894 

66 

13B 

44 

•18 

-69.23 

96.  9 

-3.  1 

102.2 

♦  2.  2 

830 

26 

804 

67 

1  38 

44 

'18 

-69.23 

96.  9 

-3.  1 

102.2 

*2,  2 

830 

28 

eo2 

76 

138 

47 

-19 

•S7.80 

96.  0 

-3.4 

102.  3 

♦2.  3 

830 

30 

300 

74 

138 

4G 

-16 

♦53.  33 

06.  4 

-3.6 

101.0 

♦1.9 

830 

30 

800 

80 

138 

48 

*18 

-S0.0 

96.  4 

-3.  6 

102.  2 

*2  2 

830 

32 

798 

77 

139 

47 

-15 

46.  88 

96.  1 

-3.  9 

101.8 

♦  1.8 

830 

33 

707 

82 

138 

48 

•  15 

•45. 45 

06.0 

-4.0 

101. e 

♦  1.8 

830 

34 

796 

80 

132 

47 

-13 

38.24 

95.  9 

-4.  1 

101. 6 

♦  1.6 

030 

34 

796 

80 

138 

48 

-  14 

•41.  18 

95.9 

-4.  1 

101.7 

♦1.7 

830 

34 

796 

82 

126 

46 

12 

•35.29 

95.  9 

-4.  1 

101. 4 

*1.4 

830 

36 

794 

62 

126 

43 

-10 

-27.78 

95.7 

-4.3 

101. 2 

♦  1.2 

349 

97  ft 

70 

905 

170 

102 

56 

•14 

-20.  0 

92.  8 

-7.  2 

98.  6 

-1.4 

975 

54 

°2I 

134 

120 

54 

00 

0.  0 

9  4.  5 

-5.  5 

100.  0 

0.  0 

975 

54 

921 

150 

III 

55 

♦  1 

-18. 52 

94.  5 

-5.  5 

100.  1 

0.  1 

660 

30 

620 

*24 

96 

50 

-20 

♦66.  67 

95.  4 

-4.  6 

103.  0 

.  t3. 0 

660 

40 

820 

146 

96 

32 

-12 

•30.  0 

93.  .0 

-6.  1 

101.8 

♦  1.8 

660 

36 

624 

146 

96 

32 

•16 

-44.44 

94.  5 

-5.  5 

102.  4 

♦  2.4 

660 

32 

628 

104 

•08 

48 

♦16 

-50.0 

95.  1 

-4.0 

102.  4 

♦  2.4 

860 

30 

630 

104 

lt)B 

48 

-18 

•  r,o.  o 

95.4 

-4.  6 

102.  7 

♦  2.7 

660 

30 

C30 

104 

108 

48 

•18 

-60.  0 

95.  4 

-4.6 

102.  7 

♦  2.7 

66C 

28 

632 

96 

114 

47 

•19 

-67.86 

95.7 

•4.  3 

102.9 

♦  2.9 

66C 

28 

832 

90 

!  08 

45 

-17 

-60.71 

95.  7 

-4.  3 

102.  6 

♦  2.6 

860 

27 

63) 

84 

108 

44 

-17 

-62.  96 

95.  9 

-4.  1 

102.6 

♦  2.  6 

6C0 

28 

632 

82 

114 

45 

*17 

*60.71 

95.7 

-4.3 

102.  G 

♦  2.  0 

Mean  . 

..  .031.4. 

,  .  -  9.  1. 

. . . .  -6.  06.  . 

- -  ^1 ,45 

Range  , 

. . .  -22  to  . 

.  -21  to 

_ -72. 4  to  . .  . 

_ -3.  1  to. 

-70 

*53 

-14 

-26.  67 

-9.9 

•*4. 5 

ft.D . 7.59 .  .  .  8.11  ....  9.04  .  27.2*  .  .  .  1.74 .  1.49 


• 


1  '  . 

70 

60 

50 

40 

30 

20 

10 

70 

60 

50 

40 

30 

20 

10 

70 

60 

50 

40 

30 

20 

10 


52. 


Figure  14 

Est'd  CO  =  510  ml/min 
or  35  ml/kg/min 
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Discussion. 

If  other  methods,  which  have  been  described  for  the  deter¬ 
mination  of  coronary  flow,  were  used  in  this  experiment,  certain 
difficulties  would  arise.  In  the  controlled  caval  return  preparation  if, 
for  instance,  the  method  of  Kety  &  Schmidt  (1948)  were  employed,  the 
value  of  coronary  return  would  have  to  be  e:xp  ressed  in  terms  of  so  many 
ml.  of  coronary  return  per  gram  weight  of  left  ventricle.  This  does  not 
give  a  value  for  the  total  coronary  return.  In  the  determination  of  the 
(A-V)  C>2  differences  for  the  above  method,  the  blood  would  have  to  be 
used  from  the  coronary  sinus,  which  drains  only  the  left  ventricle.  In 
addition,  in  the  method  of  Kety  &  Schmidt,  there  is  also  the  technical 
difficulty  of  multiple  intracardiac  blood  sampling. 

Gregg  et  al.  (1951)  reported  a  comparison  of  coronary  flow 
determined  by  the  nitrous  oxide  method  and  by  a  direct  method  using  a 
rotameter  and  it  is  interesting  to  observe  the  differences  between  the 
estimated  values  and  measured  values  of  coronary  return  reported  by 
them  with  those  obtained  in  our  study.  When  the  differences  were  express¬ 
ed  as  a  percentage  of  the  measured  values,  Gregg  et  al.  reported  a  range 
from  +21  to  -21%,  with  an  average  difference  of  t  12%.  In  our  study,  the 
range  was  +72  to  -27%,  with  an  average  difference  of  +30%:  an  explanation 
for  this  large  value  might  be  that,  in  the  6  test  experiments,  the  measured 
values  of  coronary  return  were  not  large,  the  average  being  33.  4  ml.  /min. 
and,  as  a  result,  even  small  differences  between  the  observed  and  pre¬ 
dicted  values  gave  rise  to  relatively  large  values  when  the  differences 
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were  expressed  as  percentages  of  the  observed  values. 

The  values  for  the  estimated  coronary  return,  as  Figure  14 
shows,  were  usually  higher  than  the  measured  values  for  coronary.  This, 
of  course,  made  the  average  values  in  Table  XII  higher  than  would  be 
the  case  if  the  estimated  coronary  return  values  had  been  50%  of  the  time 
lower  than  the  measured  coronary  return  values.  No  obvious  explanation 
can  be  given  for  this  unless,  during  the  experiment,  which  was  conducted 
to  derive  the  various  equations,  sufficient  time  did  not  elapse  for  a  'steady 
state'  to  develop,  before  the  measurements  of  the  different  variables  were 
made. 

Alella  et  al.  (1955),  whose  work  has  already  been  mentioned, 
described  a  multiple  regression  equation  for  the  prediction  of  coronary 
flow,  but  the  myocardial  oxygen  consumption  is  required  for  its  application 
and  also  their  experimental  conditions  were  different. 

Comparisons  have  been  made  of  the  pump  rate  in  the  controlled 
caval  return  preparation  with  the  cardiac  output  by  Huggins  &  Smith  & 
Sinclair  (1949).  They  reported  that  the  cardiac  output  was,  on  the  average, 
6.  7%  higher  than  the  pumping  rate  of  the  blood  into  the  right  atrium.  The 
authors  felt  that  this  may  have  been  due  to  the  fact  that  the  coronary  venous 
return  had  not  been  accounted  for  in  the  controlled  caval  return  preparation. 
However,  it  can  be  shown,  by  substituting  the  average  values  of  the  caval 
return  for  the  six  experiments  in  Equation  3,  Table  XI,  that  there  would 
exist  larger  differences  between  the  values  for  estimated  and  measured 
coronary  return  than  by  the  method  already  proposed  and  tested  (Equation 
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10.,  Table  XI  and  Table  XII).  This  is  as  would  be  expected  from  an 
examination  of  the  standard  error  of  estimates  for  both  equations. 

It  is  seen  from  Figure  14  that  the  formula  for  the  coronary- 
return  versus  the  product  of  mean  arterial  blood  pressure  and  heart  rate 
is  only  approximate.  For  the  purpose,  however,  of  arriving  at  a  value 
for  the  total  cardiac  output  in  the  controlled  caval  return  preparation, 
it  would  appear  to  be  helpful.  Judging  from  the  results  of  the  six  test 
experiments,  one  could  expect,  knowing  only  the  rate  of  the  caval  flow, 
to  estimate  the  total  cardiac  output  to  within  1  to  2  percent  with  a  stan¬ 
dard  deviation  of  1.  5  percent  (see  last  column.  Table  XII). 

It  is  noteworthy  that  the  individual  variations  for  coronary 
return  measurements  during  the  two-hour  period  were  reasonably  reflected 
in  the  predicted  values  (see  Figure  14),  i.  e.  the  two  curves  were  parallel. 

One  difficulty,  to  which  there  was  no  obvious  experimental 
approach,  was  the  fact  that  in  the  complete  right-heart  by-pass  prepara¬ 
tion,  the  right  heart  was  essentially  empty,  while  in  the  controlled  caval 
return  preparation,  the  right  heart  would  contain  a  considerable  amount 
of  blood,  depending  upon  the  rate  of  caval  return.  This  variable  amount 
of  blood  may  influence  the  dynamics  in  regard  to  the  coronary  return. 

Also,  the  chest  cavity  was  open  in  the  complete  right-heart 
by-pass  preparation  and  closed  in  the  controlled  caval  return  prepara¬ 
tion,  (see  P.  57).  It  is  felt  that  this  would  have  little  effect  on  the  coro¬ 
nary  return,  because  the  method  of  caval  return  and  the  method  of  res¬ 
piration  were  essentially  the  same  in  both  preparations. 

Finally,  it  is  pointed  out  that  the  use  of  the  regression  equation 
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(Equation  -10,  Table  XI)  is  only  applicable  under  certain  experimental 
conditions,  namely,  (a)  that  pure  oxygen  be  used  as  a  respiring  agent; 

(b)  that  the  cardiac  outputs  studied  be  in  the  range  of  150  to  1000  ml.  / 
min.  ;  (c)  that,  finally,  the  dogs  undergoing  investigation  range  in  weight 
between  12  and  17  kg. 
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Chapter  IV. 


Effects  of  Variation  in  Cardiac  Output  in  the  Dog  by  Means  of  the 

Controlled  Caval  Return  Preparation. 

Development  of  the  Controlled  Caval  Return  Preparation. 

This  was  a  gradual  process  over  a  period  of  two  to  three 
years.  It  began  with  the  idea  of  passing  catheters  into  the  superior  and 
inferior  vena  cavae  through  a  device  secured  in  the  atrial  appendage, 
rather  than  through  two  separate  incisions  in  the  appendage  (see  Figure 
15,  Insets  A  and  B).  The  caval  blood  was  siphoned  into  a  reservoir  held 
25  to  40  cm.  below  the  level  of  the  heart.  At  the  top  of  the  atrial  device 
was  a  third  opening,  through  which  blood  from  the  venous  reservoir  was 
pumped  back  into  the  atrium  at  a  known  rate.  In  this  way,  caval  drain¬ 
age  and  caval  return  flow  were  accomplished  through  the  one  cardiotomy. 

Two  disadvantages  were  associated  with  the  above  method: 

(a)  the  fact  that  the  cavae  as  well  as  the  atrium  were  cannulated  through 
the  chest  meant  that  at  least  three  tubes  passed  into  and  out  of  the  chest 
incision;  (b)  at  the  end  of  the  period  of  controlled  caval  return,  which 
was  set  at  an  arbitrary  period  of  two  hours,  approximately  25  to  45 
minutes  were  required  to  remove  the  cannulae  and  device  from  the  right 
atrial  appendage,  sew  up  the  thoracotomy  incision,  subcutaneous  tissues 
and  close  the  skin  incision.  The  latter  series  of  surgical  procedures 
occurred  at  a  time  when  it  had  been  indicated  by  previous  studies  (Elliot 


&  Callaghan  1959)  that  critical  changes  in  the  biochemical  studies  were 


Figure  15. 


A.  Plexiglass  device  for  introducing  catheters  into  right  atrium  and 
superior  and  inferior  vena  cavae.  Catheters  were  20  French  and 
approximately  6"  -  8"  in  length.  Third  tube  at  top  of  device  was 
1/4"  I.  D.  and  was  used  to  return  blood  to  right  atrium  from  venous 
reservoir. 

B.  Schematic  drawing,  showing  plexiglass  device  in  position  in  the 
appendage  of  right  atrium. 

C.  Schematic  drawing,  showing  catheter  in  fourth  interspace  incision 
being  secured  in  appendage  of  right  atrium  by  single-knotted  stain¬ 
less  steel  wire,  ends  of  which  passed  out  through  either  chest  wall. 

D.  Englarged  view  of  incision  of  Inset  C,  showing  catheter  in  right 
atrium  with  stainless  steel  wire  suture  about  right  atrium.  Also 
illustrated  are  4-0  silk  sutures  about  superior  and  inferior  vena 
cavae,  which  passed  through  eyed  stainless  steel  wire  and  the  latter 
being  used  to  cut  the  4-0  sutures  about  cavae  so  that  caval  flow  to 
the  heart  could  be  re-established.  (See  text  for  further  explanation 
and  purpose  of  technique). 
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Figure  15. 
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occurring  and,  as  a  result,  an  adequate  number  of  blood  samples  were 
prevented  from  being  taken  at  this  time. 

The  above  situation  was  corrected,  firstly,  by  performing 
caval  drainage  through  the  left  external  jugular  and  right  femoral  veins, 
which  reduced  the  number  of  catheters  in  the  chest  cavity  by  two. 

The  next  step  was  directed  at  closing  the  chest  incision  imme¬ 
diately  after  the  commencement  of  the  period  of  controlled  caval  return. 

In  order  to  make  this  worthwhile,  the  procedure  had  to  include  a  way  of 
discontinuing  cannulations  at  the  end  of  the  period  of  controlled  caval 
return  and  a  way  of  re-establishing  caval  flow  into  the  heart,  without  re¬ 
entry  into  the  chest  cavity  in  either  instance. 

The  re-establishment  of  the  caval  flow  into  the  heart  was 
easily  performed  by  occluding  the  cavae  with  4-0  silk  sutures,  which 
were  passed  through  eyed  stainless  steel  wires.  The  other  end  of  the 
wires  were  brought  out  through  the  chest  incision  and  skin.  At  the  end 
of  the  period  of  controlled  caval  return  a  quick  jerk  on  the  stainless  steel 
wires  not  only  cut  the  4-0  silk  sutures,  re-establishing  the  caval  flow,  but 
brought  the  stainless  steel  wires  out  of  the  chest  incision  and  dog  com¬ 
pletely.  The  4-0  silk  sutures  remained  in  the  chest  cavity. 

The  first  method  directed  at  discontinuing  the  atrial  cannula¬ 
tions  after  the  period  of  controlled  caval  return,  without  re-entering  the 
chest  cavity,  is  illustrated  in  Figure  15,  Insets  C  &  D.  A  22  F  catheter 
was  secured  in  the  atrial  appendage,  by  a  single-knotted  stainless  steel 
wire,  both  ends  of  which  were  brought  out  through  the  chest  cavity,  one 
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end  through  the  left  chest,  the  other  through  the  right,  so  that  at  the 
termination  of  the  procedure,  as  the  atrial  catheter  was  removed,  a 
straight  pull  on  the  wires  closed  the  atrial  appendage  and  the  stiffness 
of  the  wire  prevented  the  single  knot  from  slipping.  This  method  had 
certain  merit.  It  was  feared,  however,  that  the  stainless  steel  wire, 
acting  as  a  taut  'guy  wire'  in  the  pleural  cavity,  might  cut  through  the 
lungs  or  the  wire  knot  might  be  pulled  so  tightly  that  it  would  shear  off 
the  atrial  appendage  in  the  early  post-operative  period.  Fortunately, 
this  problem  was  overcome  by  a  simpler  procedure,  namely,  the  use  of 
a  rubber  band  about  the  appendage  and  catheter,  a  description  of  which 
is  given  below. 

Experimental  Method 

Essentially,  the  procedure  consisted  in  controlling  the 
cardiac  output  by  controlling  caval  return  in  closed-chest  dogs,  under 
sterile  technique.  In  addition,  an  estimate  of  the  coronary  flow  was 
made  by  the  method  outlined  in  the  preceding  chapter  and  added  to  the 
value  for  caval  flow,  which  sum  was  used  as  an  estimate  of  the  total 
cardiac  output. 

The  procedure  is  illustrated  in  Figure  16.  It  was  carried 
out  in  eleven  consecutive  experiments,  two  of  which  were  omitted  from 
the  series  for  the  following  reasons:  in  one  experiment  there  was  a 
complete  breakdown  of  sterile  technique  and,  in  the  other,  immediately 
following  the  period  of  controlled  caval  return,  there  appeared  to  have 
been  either  a  massive  atelectasis  or  an  air  embolus,  for  the  arterial 


Figure  16. 


Schematic  drawing  of  the  'controlled  caval  return  preparation'.  See 
insets  below  (A  to  F)  for  illustration  of  method  of  cannulation  of  right 
atrium  and  method  of  taping  superior  and  inferior  vena  cavae. 


Legend  for  respective  numbers: 

1.  1/4"  I.  D.  Mayon  tubing  for  draining  blood  from  superior  vena  cava, 
as  also  illustrated  in  Figure  13. 

2.  1/4"  I.  D.  Mayon  tubing  for  draining  blood  from  inferior  vena  cava, 
as  also  illustrated  in  Figure  13. 

3.  Number  8  or  9  size  endotracheal  cuffed  tube. 

4.  1  litre  size  conventional  intravenous  bottle  for  collecting  blood  from 
the  cavae. 

5.  Box  with  plexiglass  front  in  which  the  venous  reservoir  was  sus¬ 
pended  25  to  45  cm.  below  heart  level. 

6.  Reflector  Infrared  heat  lamp  250  watt. 

7.  1/4"  I.  D.  Mayon  tubing. 

8.  5/8"  I.  D. ,  l/8"W.T.,  14  inch  long  latex  pump  tubing. 

9.  Sigmamotor  pump.  Model  T-Ml. 

10.  1/4"  I.  D.  Mayon  tubing,  through  which  blood  was  pumped  back  to 
right  atrium  from  venous  reservoir. 

11.  Statham  transducer.  Model  5287,  P.  23AA,  0-75  cm.Hg. 

12.  Nylon  catheter  1/8"  I.  D. ,  24-2  6"  in  length,  which  connected  catheter. 

13.  16  French  catheter  in  right  pleural  cavity,  which  was  connected  to 
underwater  seal  or  50  ml.  syringe  for  chest  drainage. 

14.  Stainless  steel  wires  coming  out  of  right  chest  and  skin  used  to  cut 
4-0  sutures  about  cavae  to  re-establish  caval  flow  at  the  end  of  the 
'controlled  caval  return  period'.  (See  Inset  F,  below). 

15.  Note  incision  closed  tightly  about  two  catheters.  22 F  catheter  which 
was  in  right  atrium  and  connected  to  blood  line  10  was  removed  with¬ 
out  re-opening  incision  15  by  maneuvre  illustrated  in  Insets  A  to  F. 


Inset  A.  Shows  small  incision  in  pericardial  sac  and  tip  of  atrial  appendage 
grasped  by  tissue  forceps.  Also  illustrated  is  the  tip  of  the  catheter  in 
the  superior  vena  cava,  extending  down  from  the  left  jugular  vein  and  the 
4-0  sutures  about  the  cavae  passing  through  the  eyed  stainless  steel  wires. 
Inset  B.  Shows  22  French  catheter  introduced  into  the  tip  of  the  right  atrial 
appendage  and  into  the  right  atrium;  also,  about  the  right  atrium  is  the 
thin-walled  stainless  steel  sleeve  about  which  is  a  latex  rubber  band. 

Inset  C.  The  latex  rubber  band  has  been  flipped  off  the  stainless  steel  sleeve 
thus  constricting  the  atrial  appendage  about  the  22  French  catheter. 

Inset  D.  Shows  the  catheter  having  been  removed  from  the  right  atrium. 


but  latex  band  still  remaining  about  the  appendage,  thereby  sealing  it  off. 
Inset  3'k  Shows  the  tapered  femoral  vein  catheter  extending  up  approxi¬ 
mately  to  the  junction  of  the  bifurcation  of  the  inferior  vena  cava. 

Inset  F,  Shows  the  4-0  suture  passed  through  the  eyed  stainless  steel  wire. 
In  the  lower  part  of  this  inset,  the  stainless  steel  wire  lias  been  jerked, 
thus  cutting  the  4-0  suture1  and  re-establishing  caval  flow  to  the  heart. 


61. 


Figure  16. 


. 


. 


62. 

blood  failed  to  become  oxygenated  and  the  dog  became  progressively 
anoxic  and  died  30  minutes  later. 

The  range  cf  weight  in  the  remaining  nine  dogs  was  12  to 
16.  5  kg. ,  withan  average  weight  of  14.  8  kg.  and  an  s.  d.  of  1  kg.  All 
procedures  were  carried  out  under  as  sterile  conditions  as  possible. 
Catheters  and  tubings  for  blood  conduit  lines  were  selected  from  materials 
that  would  withstand  heat  sterilization. 

Dogs  were  anesthetized  with  sodium  pentobarbital  (30  mg.  / 
kg.  )  and  intubated  with  an  endo-tracheal  cuffed  tube.  As  mentioned,  the 
number  of  tubes  into  and  out  of  the  chest  cavity  were  minimized  by  per¬ 
forming  caval  drainage  via  the  jugular  and  femoral  veins,  after  hepariniza¬ 
tion  with  2  mg.  of  heparin  per  kg.  Respirations  were  maintained  during 
the  time  that  the  chest  cavity  was  open,  by  means  of  a  constant  cycle 
mechanical  respirator  (8  to  10  cycles  per  minute),  using  100%  oxygen. 

The  me  thod  of  atrial  cannulation  and  the  general  procedure 
of  the  experiment  can  be  appreciated  from  Figure  16. 

After  a  fourth  right  intercostal  incision,  a  small  incision  in 
the  pericardial  sac  was  made  and  the  tip  of  the  atrial  appendage  grasped 
with  a  hemostat,  as  in  Figure  16,  Inset  A.  In  Inset  B  of  Figure  16,  a 
rubber  band  (I.  D.  3/32  of  an  inch  and  W.  T.  1/16  of  an  inch)  can  be  seen 
stretched  over  the  lower  third  of  a  thin-walled  stainless  steel  sleeve 
(O.  D.  7/16  of  an  inch),  which  in  turn  was  slipped  over  the  atrial  append¬ 
age.  A  small  nick  was  made  in  the  tip  of  the  atrial  appendage  and  a 
22  F  Bardic  catheter  forced  through  the  small  hole  into  the  right  atrium. 
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The  rubber  band  was  then  flipped  off  the  sleeve  and  the  sleeve  slipped 
back  over  the  catheter.  Inset  C  of  Figure  16  shows  the  sleeve  having 
been  removed.  Inset  D  of  Figure  16  shows  the  catheter  removed  and 
the  rubber  band  left  about  the  atrial  appendage,  sealing  off  the  appendage. 

Prior  to  cannulation  of  the  right  atrium,  the  cavae  were 
encircled  with  4-0  silk  sutures,  which  were  passed  through  an  eyed 
stainless  steel  wire;  this  maneuvre  is  illustrated  in  Inset  F  of  Figure 
16. 

The  reservoir  was  primed  directly  before  the  period  of 
controlled  caval  return  with  200  to  600  ml.  of  blood  from  the  femoral 
artery  of  a  heparinized  dog.  The  tubings  associated  with  the  reservoir 
system  were  filled  completely  with  sterile  saline.  The  occlusion  of 
the  Sigmamotor  pump  was  set  so  as  just  to  prevent  regurgitation. 

The  period  of  controlled  caval  return  was  commenced  by 
simultaneously  removing  the  clamps  on  the  caval  drainage  lines  and 
starting  the  Sigmamotor  pump.  The  4-0  sutures  about  the  cavae  were 
tightened  and  tied  and  the  stainless  steel  wires  brought  out  through  the 
fourth  interspace  and  skin.  An  additional  catheter  was  left  in  the  right 
pleural  cavity  and  attached  to  an  underwater- seal.  The  chest  cavity 
was  then  immediately  closed,  making  certain  that  the  skin  was  tightly 
opposed  about  the  two  catheters. 

The  period  of  controlled  caval  return  was  arbitrarily  set  at 
2  hours,  at  the  end  of  which  time  the  level  of  blood  in  the  reservoir  was 
returned  to  its  original  level  and  50  -  250  ml.  of  blood  transfused  to 
cover  the  blood  loss  and  blood  samples.  The  controlled  caval  return 
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period  was  terminated  by  the  following  sequence:  a  quick  jerk  on  the 
stainless  steel  wires  cut  the  4-0  sutures  about  the  cavae,  re-establishing 
caval  blood  flow  to  the  heart.  A  similar  maneuvre  removed  the  atrial 
cannula  from  the  atrium  and  chest  cavity,  the  atrial  appendage  being 
sealed  off  by  the  self-constricting  rubber  band.  The  Sigmamotor  pump 
was  turned  off.  Finally,  the  cannulae  in  the  jugular  and  femoral  veins 
were  removed  and  the  veins  ligated,  the  respirator  discontinued  and  the 
Sigmamotor  pump  calibrated.  Calibration  of  the  Sigmamotor  pump  could 
also  be  achieved  during  the  controlled  caval  period,  simply  by  clamping 
the  caval  drainage  lines  and  noting  the  drop  in  the  venous  reservoir  per 
interval  of  time,  which  gave  the  value  for  the  caval  return. 

It  was  considered  unnecessary  after  the  period  of  controlled 
caval  return  to  counteract  the  effect  of  heparin  by  injecting  protamine 
sulfate,  owing  to  the  minimal  surgery  that  had  been  performed  and  also 
because  the  effect  of  heparin  on  clotting  time  declines  rapidly  after  3  to 
4  hours  in  any  case. 

Values  of  mean  arterial  blood  pressure  and  heart  rate  were 
recorded  at  10  to  15  minute  intervals  throughout  the  period  of  controlled 
caval  return  by  means  of  the  same  procedure  as  is  described  in  Chapters 
2  and  3.  These  values  were  substituted  in  Equation  -10,  Table  XI,  to 
obtain  values  for  the  estimated  coronary  return.  These  values  for  the 
estimated  coronary  return  were  then  averaged  and  the  average  value 
added  to  the  known  value  for  caval  return  gave  a  single  value,  which  was 
used  for  the  estimated  cardiac  output  during  the  period  of  controlled 
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caval  return.  Thus,  in  this  chapter,  when  reference  is  made  to 
CARDIAC  OUTPUT,  it  always  means  ESTIMATED  CARDIAC  OUTPUT  = 
KNOWN  CAVAL  RETURN  PLUS  ESTIMATED  CORONARY  RETURN. 

In  order  to  minimize  infection,  100  mg.  of  Terramycin 
were  injected  intramuscularily  after  the  period  of  controlled  caval  return. 
Survival  dogs  were  sacrificed  4  to  8  days  after  the  operation  (average  6 
days). 

Oxygen  Determinations: 

These  were  obtained  on  a  Van  Slyke  apparatus  and  each  value 
expressed  in  percent  saturation  and  in  volumes  percent.  All  determina¬ 
tions  were  performed  the  day  of  the  operation,  the  samples  of  blood  being 
collected  in  oiled  5  ml.  syringes  and  an  extra  0.  1  ml.  of  heparin  added 
to  each  syringe  prior  to  collection  of  blood. 
pH  Determinations: 

These  were  obtained  on  3  ml.  blood  samples  by  means  of  a 
direct-reading  Photovolt  pH  meter.  Model  B,  utilizing  conventional  glass 
and  calomel  electrodes.  The  machine  was  standardized  at  36.  5  degrees 
C.  with  commercial  buffers  at  pH  7.  Buffers  were  specially  prepared 
by  the  manufacturer  and  claimed  accurate  to  t  0.  02  pH  units  at  37.  5 
degrees  C.  This  method  was  outlined  in  detail  in  a  separate  communi¬ 
cation  (Elliot  1960). 

CO2  Determinations: 

These  were  obtained  on  the  Natelson  Microgasometer, 

Model  600,  utilizing  the  remaining  2  ml.  of  blood  from  each  5  ml.  of 
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blood  collected,  3  ml.  of  which  were  used  for  the  pH  determination. 

Determination  of  Total  Peripheral  Vascular  Resistance  (TPVR): 

The  TPVR  was  expressed  in  absolute  units  (a.u.)  which  value 

was  obtained  by  substituting  the  values  for  mean  arterial  blood  pressure 

and  estimated  cardiac  output  in  the  formula  =  ^.ynes,  ,x  fee(,  s- 

CO  in  ml.  / sec.  cm^ 

It  was  assumed  in  this  experiment  that  the  caval  venous  pressure  was 
0  mm.  Hg. 

Total  Body  Oxygen  Consumption; 

This  was  determined  by  multiplying  the  (A-V)  O2  content  difference 
by  the  cardiac  output  in  ml.  /min.  and  dividing  by  100.  The  result  was 
expressed  as  volume  of  O2  in  ml.  consumed  per  minute  or  the  total  body 

qC>2* 

Determination  of  Lactate  and  Pyruvate: 

Lactic  acid  was  determined  by  the  method  of  Barker  & 

Summer  son  (1941)  and  pyruvic  acid  by  the  method  of  Friedemann  & 

Haugen  (1943).  All  blood  samples  for  these  determinations  were  obtained 
from  the  femoral  artery.  Samples  were  taken  just  prior  to  the  onset  of 
the  controlled  caval  period,  at  the  end  of  the  controlled  caval  period,  at 
the  30  and  60  minute  interval  after  the  controlled  caval  period. 

Times  of  Blood  Sampling: 

Blood  samples  were  taken  at  the  following  times:  (a)  the 
blood  samples  for  the  control  determinations  were  obtained  just  prior 
to  the  commencement  of  the  controlled  caval  period;  (b)  samples  were 
again  taken  just  prior  to  the  end  of  the  controlled  caval  period;  (c)  after 
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the  period  of  controlled  caval  return  samples  were  obtained  at  the  10, 

20  and  30  minute  intervals  and  at  30  minute  intervals  thereafter,  until 
either  the  value  for  pH  returned  to  a  normal  range  or  until  the  dog  started 
to  regain  consciousness. 


IResults 

The  technical  maneuvres  described,  of  controlling  caval 
return  or  caval  blood  flow  in  the  closed- chest  dog,  were  easily  performed 
and  worked  well.  The  duration  of  the  interval  from  the  commencement 
of  the  period  of  controlled  caval  return  until  the  chest  and  skin  incisions 
were  completely  closed  was  usually  25  to  35  minutes,  so  the  actual  duration 
of  controlled  caval  return  in  the  closed- chest  state  was  approximately 
1— hours.  The  method  of  discontinuing  the  cannulations,  especially 
the  atrial  cannulation,  gave  rise  to  no  difficulty.  The  atrial,  jugular 
and  femoral  cannulae  were  removed  within  3  to  6  minutes  after  the 
period  of  controlled  caval  return  and  the  vessels  ligated. 

Survival  Studies: 


General  data  pertaining  to  the  nine  experiments  are  presented 
in  Table  XIII.  It  will  be  observed  that,  in  each  succeeding  experiment, 
the  value  of  caval  return  was  reduced  but  maintained  at  a  constant  value 
for  two  hours.  In  this  way,  successively  lower  values  of  caval  return 
per  experiment  were  instituted,  one  of  the  objects  being  to  find  out  how 
low  the  cardiac  output  had  to  be  before  the  dog  did  not  survive.  As  can 


be  noted  from  Table  XIII,  this  value  of  the  cardiac  output  was  surprisingly 


low.  In  the  animals  which  survived,  there  was  no  obvious  difference  in 
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their  behaviour  as  a  result  cf  the  variation  in  caval  return  from  animal 
to  animal.  All  dogs  were  awake  the  night  of  the  operation  and  up  and 
about  the  cage  either  that  night  or  the  next  day.  Dog  8  was  somewhat 
slower  waking  up  than  dogs  1  to  7,  but  still  awoke  the  evening  of  the 
day  of  the  operation.  All  surviving  dogs  were  up  and  about  the  cages 
during  the  interval  between  the  day  of  operation  and  the  day  of  sacrifice, 
although  some  of  these  dogs  did  not  eat  too  well.  The  one  dog  which 
did  not  survive  had  a  Kussmaul  type  of  breathing  immediately  following 
the  period  of  controlled  caval  return  and  this  deepened  in  severity. 

The  animal's  condition  became  progressively  worse  and  it  died  early 
in  the  evening,  having  had  several  bloody  stools  in  the  meantime.  This 
dog  showed  no  signs  of  waking  up  or  moving  about  any  time  after  the 
operation. 

All  surviving  dogs  began  to  show  signs  of  regaining  conscious¬ 
ness,  such  as  swallowing  or  moving  about  on  the  operating  table  within 
four  hours  of  ending  controlled  caval  return.  In  other  words,  if  a  dog 
was  going  to  survive,  recovery  appeared  to  commence  soon  after  the 
period  of  controlled  caval  return  ended. 

Autopsy  Findings: 

One  of  the  questionable  features  of  this  preparation  was  the 
adequacy  of  the  rubber-band  method  for  sealing  the  atrium  and  the  fate 
of  the  rubber  band  itself.  The  surviving  dogs  1  to  8,  inclusive,  and  also 
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dog  9,  showed  at  autopsy  no  abnormalities  of  the  pleural  cavities,  such  as 
pleural  effusion  (sanguinous,  serous  or  purulent),  which  would  attest  to 
the  fact  that  the  rubber  band  caused  an  effective  seal  after  the  withdrawal 
of  the  22  F  catheter,  at  least  in  the  case  of  the  low  pressure  system  of 
the  right  atrium  and  that  the  foreign-body  reaction  was  slight.  In  five 
of  the  eight  dogs,  although  the  band  was  still  found  around  the  atrial 
appendage,  the  tip  of  the  appendage  was  definitely  necrotic.  In  the  other 
three  dogs,  the  appendage  had  sloughed  off  and  the  rubber  band  was 
floating  freely,  either  in  the  pleural  space  or  in  the  pericardial  sac. 

In  these  dogs,  the  wall  of  the  atrium  at  the  base  of  the  appendage  appeared 
to  be  sealed  over  completely,  as  if  the  appendage  had  been  cut  off  flush. 

In  dog  1,  there  was  found  a  small  abscess  in  the  area  of  the  superior  vena 
cava,  where  the  4-0  suture  had  been  located.  The  lungs  of  all  survival 
dogs  appeared  grossly  normal.  The  subcutaneous  tissues  in  the  area 
of  the  chest  incision  in  all  dogs  presented  with  a  watery-type  edema, 
which  was  possibly  due  to  the  liberal  use  of  the  cautery.  In  dog  9,  on 
gross  examination,  there  was  observed  a  hemorrhagic  edema  of  the  entire 
intestine. 

The  Effect  of  Variation  in  Cardiac  Output  on  the  Total  Peripheral  Vascular 
Resistance  During  Two  Hours  of  Constantly  Controlled  Caval  Return: 

The  preparation  described  in  these  experiments  was  particularly 
suited  for  the  study  of  total  peripheral  vascular  resistance,  owing  to  the 
fact  that  the  cardiac  output  was  known,  at  least  within  close  limits. 

The  total  peripheral  vascular  resistance  changes  were 
calculated  at  10  to  15  minute  intervals  throughout  the  period  of  controlled 
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caval  return  and  these  calculations  for  the  nine  experiments  are  found 
in  Table  XV.  The  results  are  presented  graphically  in  Figures  17  and 
18  for  each  of  the  nine  experiments.  It  will  be  observed  that  the  value 
for  cardiac  output  was  always  the  estimated  value,  that  is,  each  time 
the  total  peripheral  vascular  resistance  was  calculated,  the  estimated 
coronary  return  was  also  calculated,  using  Equation  -10,  Table  XI. 

Then  these  values  of  the  estimated  coronary  return  were  added  to  the  value 
for  caval  return  to  give  an  estimate  of  cardiac  output.  The  value  for  the 
estimated  cardiac  output  obtained  in  this  way  were  then  averaged  and 
this  average  value  was  used  as  a  representative  value  for  cardiac  output 
in  that  particular  experiment.  This  calculation  of  the  estimated  cardiac 
output  is  demonstrated  for  each  of  the  nine  experiments  in  Table  XV. 

In  spite  of  the  small  series,  certain  trends  in  the  total 
peripheral  vascular  resistance  were  discernible.  As  the  caval  return 
was  decreased  in  each  successive  experiment,  no  specific  changes 
occurred  in  the  total  peripheral  vascular  resistance  until  cardiac  output 
was  in  the  range  between  20  to  40  ml.  / kg.  /min.,  when  there  occurred  a 
marked  increase  in  this  parameter  over  the  two  hour  period  of  controlled 
caval  return.  The  increments  in  total  peripheral  vascular  resistance 
per  experiment  were  calculated  from  Table  XV  and  graphically  represent¬ 
ed  in  Figure  19.  Thus,  as  the  caval  return  was  reduced  per  experiment, 
there  appeared  to  be  a  range  in  which  there  was  a  stress  response,  if 
the  increase  in  total  peripheral  vascular  resistance  could  be  interpreted  as 
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evidence  of  this.  It  was  observed  also  that  the  estimated  cardiac  output 
was  quite  low  before  this  response  pattern  became  evident. 

In  experiments  8  and  9  there  was  also  an  increase  in  the 
total  peripheral  vascular  resistance,  but  it  did  not  persist  throughout  the 
period  of  controlled  caval  return.  It  would  seem  that,  in  these  two  dogs, 
the  peripheral  circulation  began  to  fail  during  the  period  of  controlled 
caval  return. 

Since  the  estimated  cardiac  output  values  were  not  obtained 
after  the  period  of  controlled  caval  return,  only  the  blood  pressure  and 
heart  rate  could  be  recorded.  It  was  observed  that,  in  all  survival  dogs, 
the  mean  arterial  blood  pressure  rose  to  the  110  -  125  mm.Hg.  range 
and  was  maintained  at  these  levels  until  the  measurements  were  discon¬ 
tinued,  due  to  the  dogs  moving  about  so  much  on  the  operating  table.  In 
the  one  non-survival  dog,  the  mean  arterial  blood  pressure  rose  to  100 
mm.Hg.  40  minutes  after  the  period  of  controlled  caval  return  and  then 
decreased  steadily  to  the  40  mm.Hg.  level  two  hours  before  death. 

Effect  of  Variation  in  Cardiac  Output  on  Arterial  pH  and  CO2  Content: 

The  data  for  these  determinations  are  found  in  Table  XIV. 

The  results  of  the  pH  determinations  are  graphically  represented  in 
Figures20  to  22,  inclusive.  The  control  value  for  the  pH  determination, 
obtained  just  prior  to  the  commencement  of  the  controlled  caval  period, 
showed  a  considerable  degree  of  variation  from  experiment  to  experiment. 
Figure  20  illustrates  the  effect  of  variation  in  cardiac  output  on  arterial 
pH,  after  two  hours  of  controlled  caval  return  and  it  can  be  seen  that 
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there  was  reasonable  dependency  of  the  value  of  pH  upon  the  degree  of 
reduction  of  cardiac  output.  The  value  of  pH  remained  relatively 
unchanged  until  the  value  for  the  estimated  cardiac  output  dropped  below 
the  value  of  30  ml.  / kg.  /min.  It  was  observed,  during  the  nine  experi¬ 
ments,  that  the  values  of  pH  on  blood  samples  taken  soon  after  the 
period  of  controlled  caval  return  were  usually  slightly  lower  than  the 
values  of  pH  obtained  just  prior  to  the  end  of  the  controlled  caval  period 
and  the  results  of  these  determinations  are  illustrated  in  Figure  21. 

This  slight  differential  effect  is  better  illustrated  in  Figure  22,  in  which 
the  black  dots  represent  the  values  of  pH  at  the  end  of  the  controlled 
caval  period  and  the  circles  represent  the  values  of  pH  taken  20  to  30 
minutes  after  the  period  of  controlled  caval  return.  It  can  be  seen 
that,  although  there  was  a  slight  lowering  of  the  pH  after  the  period  of 
controlled  caval  return,  the  difference  was  small.  Comparing  Figure 
20  and  Figure  21,  it  would  appear  that  the  values  ofpH  taken  after  the 
period  of  controlled  caval  return  have  a  slightly  better  dependency  on 
variation  in  cardiac  output  than  the  values  of  pH  taken  just  prior  to  the 
end  of  the  controlled  caval  period. 

co2  content  measurements  after  two  hours  of  constantly 
controlled  caval  return  -are  represented  graphically  in  Figure  23 
and  there  would  appear  to  be  considerable  dependency  of  the 
arterial  C02  content  upon  variation  in  cardiac  output.  The  values  of 
arterial  C02  content  remained  relatively  unchanged  until  cardiac  output 
fell  to  the  25  to  45  ml.  / kg.  /min.  range. 
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The  Effect  of  Variation  in  Cardiac  Output  on  the  Values  of  pCO?  Taken 

at  the  End  of  the  Period  of  Controlled  Caval  Return  and  20  to  30  Minutes 
Later: 

The  data  for  the  determinations  of  partial  pressure  of  carbon 
dioxide  in  the  arterial  blood  are  found  in  Table  XIV  and  the  results  are 
presented  graphically  in  Figure  24.  It  would  appear  that  the  values  of 
pCC>2  determined  at  the  end  of  the  controlled  caval  period  remained  re¬ 
latively  unchanged  throughout  the  entire  range  of  cardiac  outputs  studied. 
However,  when  the  value  of  cardiac  output  was  lowered  to  the  20  to  30 
ml.  / kg.  /min.  range,  the  values  of  pCC>2  ,  20  to  30  minutes  after  the 
end  of  the  controlled  caval  period,  appeared  to  increase  in  comparison 
to  the  values  obtained  in  the  upper  ranges  of  cardiac  output  studied. 

This  slight  increase  in  pC02  could  indicate  a  depression  of  the  respiratory 
mechanism.  It  will  be  observed  in  dog  9,  in  which  there  was  seen  to  be 
a  Kussmaul  type  of  breathing,  that  the  value  of  pC02,  20  to  30  minutes 
after  the  end  of  the  controlled  caval  period,  did  not  arise  essentially 
above  the  value  taken  at  the  end  of  the  controlled  caval  period,  as  evi¬ 
denced  by  Figure  24.  The  pCC>2  values  were  obtained  by  means  of 
substituting  the  values  of  pH  and  CO2  content  (mM/L)  in  the  Henderson- 
Hasselbalch  equation,  as  outlined  in  Davenport  (1950). 

Effect  of  Variation  in  Cardiac  Output  on  the  Total  Body  02  Consumption, 

as  a  Result  of  Two  Hours  of  Controlled  Caval  Return: 

The  data  relating  to  the  parameters  necessary  for  the  deter¬ 
mination  of  total  body  O2  consumption  are  found  in  Table  XIV.  The 
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values  of  the  content  of  mixed  caval  blood,  obtained  at  the  end  of 
the  controlled  caval  return  period,  are  graphically  represented  in 
Figure  25  and  it  can  be  seen  that,  when  the  cardiac  output  reached  values 
of  20  ml.  /kg.  / min. ,  almost  a  maximum  extraction  of  oxygen  from  the 
blood  occurred. 

The  (A-V)  C>2  content  difference  between  the  femoral  arterial 
blood  and  the  mixed  caval  blood  after  two  hours  of  constantly  controlled 
caval  return  are  graphically  represented  in  Figure  26.  It  can  be  seen 
from  this  figure  that  there  was  a  range  of  cardiac  output  between  approxi¬ 
mately  45  and  65  ml.  / kg.  /min.  where  there  occurred  relatively  little 
change  in  the  (A-V)  O2  content  difference.  However,  it  can  be  seen 
from  this  figure  that  above  and  below  this  range  of  values  of  cardiac 
output  there  occurred  marked  changes  in  the  (A-V)  O2  content  difference 
in  opposite  directions. 

The  total  body  oxygen  consumption,  computed  at  the  end  of 
two  hours  of  controlled  caval  return,  was  attainable  because  the  car¬ 
diac  output  value  and  the  value  for  the  (A-V)  O2  content  difference 
were  known.  The  results  of  these  determinations  are  presented 
graphically  in  Figure  27.  It  is  again  observed  that  there  was  a  range 
of  cardiac  output,  approximately  between  45  and  65  ml.  / kg.  /min., 
during  which  interval  the  total  body  oxygen  consumption  remained 
relatively  unchanged,  but  below  this  range  the  total  body  oxygen  con¬ 
sumption  appeared  to  decrease. 
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Composite  Study  Relating  the  Changes  in  Total  Peripheral  Vascular 

Resistance,  (A-V)  02  Difference,  pH,  CO2  and  qP2  to  Variation  in 

Cardiac  Output  After  Two  Hours  of  Controlled  Caval  Return: 

The  several  graphs  mentioned  above  were  combined  into 
one  graph  and  are  presented  in  Figure  28.  It  is  interesting  to  note  that 
the  more  rapid  changes  in  the  curves  of  the  (A-V)  O2  difference,  pH  and 
CO2,  appear  to  occur  just  in  the  range  of  cardiac  output  immediately 
below  the  value  of  cardiac  output  at  which  the  maximum  increments 
occurred  in  the  total  peripheral  vascular  resistance.  It  is  also  observed 
that  the  commencement  of  the  decrease  in  total  body  oxygen  consumption 
started  to  occur  just  before  the  range  of  cardiac  output  which  preceded 
the  maximum  incremait  in  total  peripheral  vascular  resistance. 

The  Effect  of  Variation  in  the  Cardiac  Output  on  the  Lactate  and  Pyruvate 
Values: 

The  results  of  these  determinations  are  found  in  Table  XVII. 

It  is  observed  that  the  values  for  the  lactate  in  experiment  367  are  high 
for  the  control  value  as  well  as  the  end  controlled  caval  return  value,  in 
spite  of  the  fact  that  the  cardiac  output  was  the  highest  of  the  entire  series. 
Only  in  experiment  380  was  the  end  controlled  caval  return  value  of 
lactate  appreciably  elevated. 

Blood  Level  in  Venous  Reservoir  During  Controlled  Caval  Return  Period: 

It  was  observed  that,  in  the  experiments  in  which  the  cardiac 
output  was  low,  the  volume  of  blood  in  the  1  litre  venous  reservoir  in¬ 
creased  above  the  initial  level  within  the  first  few  minutes.  Some  of  the 
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results  of  these  observations  are  given  in  Table  XVIII.  During 
experiments  367,  369  and  370,  the  blood  level  in  the  reservoir  remained 
relatively  constant,  except  for  changes  that  paralleled  the  degree  of 
blood  loss  into  the  pleural  cavities  from  the  intercostal  incision  and 
dissection  areas  about  the  cavae.  At  the  lower  cardiac  outputs  this 
bleeding  was  nil.  This  was  presumably  absent  on  account  of  the  hypo¬ 
tension. 
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Figure  27  Figure  28 


Table  of  results  of  the  nine  two-hour  control  caval  return  experiments  to  Indicate  the  average  values  of  the  estimated  coronary  return  (ECR),  the 
value  for  caval  return  (CaR),  the  value  for  estimated  cardiac  output  (Est'd  CO),  the  range  of  heart  rates  (HR)  and  mean  arterial  blood  pressures 

(MABP)  and,  finally,  the  mortality. 


Table  XIII 
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*  NOTE:  The  nine  experiments,  367  to  380,  are  also  referred  to  respectively  by  the  number 

1,  2,  3,  4 . up  to  9  in  the  text. 
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Table  XIV 


Table  of  results  of  the  nine  two-hour  control  envoi  return  experiments,  to  determine  the  values  of  the  indicated  parameters 
at  four  Intervals,  namely;  just  before  the  start  and  end  of  the  caval  control  period  (Indicated  by  the  0  and  120  minutes);  at 
the  time  the  lowest  pH  value  was  reached  for  the  entire  experiment  (which  was  usually  20  minutes  post-caval  control):  and, 

finally,  when  the  pH  values  returned  to  a  normal  range. 


Exp. 

No. 

ml.  / min. 

CO 

ml.  / kg. 

/  min. 
CO 

mins. 

Time 

pH 

Arterial 
Total 
Content 
in  ml. 
COj 

Arterial 
Partial 
Pressure 
mm.  Hg. 
pC02 

Percent 
oxygen 
saturation. 
AO2  VO2 

O2  content 
in  vols. 
percent 

AO2  V02 

(A-V) 

o2 

Diff. 

(A-V)02xCO(ml.  /min. ) 

100 

367 

910 

76 

u 

7.42 

16.  4 

24.  3 

94.1  51.2 

25.  5 

13.8 

120 

7. 44 

16.  1 

22.  9 

97.6  89.5 

21. 3 

21. 0 

0.  3 

2.7 

135 

7.  41 

15.  8 

24.  8 

150 

7.  42 

16.  4 

24.  3 

369 

1090 

68 

0 

120 

142 

150 

7.51 

7.  42 
7,40 
7.47 

16.  8 

16.  3 

16.  8 

16.  6 

20.  4 
24.  2 
26.  0 
22.  1 

98.  7 
98.  1 

66.  1 
50 

23.7 
20.  3 

14.  8 
10.  4 

9.  9 

100.8 

370 

774 

59 

6 

7.  68 

17.  3 

14.  4 

98.  1 

55. 5 

21.  1 

11.1 

120 

7.  43 

17.2 

25.0 

97.  7 

42.  3 

21. 3 

8.  5 

12.8 

99.  1 

140 

7.  40 

17.  0 

26.  3 

185 

7.  45 

16.  6 

23.  0 

373 

710 

47 

0 

120 

148 

218 

7.  54 

7.  40 

7.  36 
7.42 

20.  9 
17.  5 
20.  6 
15.  3 

23.  8 
27.  1 
35.  6 
22.7 

100.  9 

94.  1 

78.  2 
25.  2 

21.7 

19.0 

17.  2 
5.  1 

13.9 

98.7 

374 

619 

44 

0 

7.  41 

16.  2 

24.  6 

95.8 

68.  5 

20.  9 

13.  7 

120 

7. 32 

17.  2 

32.  5 

97.  6 

30.  6 

20.  2 

6.  4 

13.8 

85.  4 

143 

7.  27 

18.  7 

39.  0 

183 

7.  40 

16.  4 

25.  4 

376 

561 

37 

0 

120 

141 

301 

7.46 

7.24 

7.  20 

7.  39 

13.  6 

14.  8 
14.  8 
13.  6 

18.  5 
33.  2 
36.  2 
21. 6 

94.  5 
97.  4 

65.  8 
38.  0 

24.  0 
22.  9 

17.  0 
9.  5 

13.  4 

75.  2 

377 

492 

30 

0 

7.56 

19.  3 

21.0 

88.  7 

67.4 

20.  4 

14.7 

120 

7.  34 

13.8 

24.9 

97.  1 

17.  4 

20.  3 

3.  9 

16.  4 

80.  7 

132 

7.  21 

17.  0 

40.  1 

242 

7.  42 

19.  1 

28.  3 

379 

313 

24 

0 

7.  46 

17.  9 

24.  3 

96.  6 

87. 1 

22.  4 

22.  2 

120 

7. 31 

11.8 

22.  7 

94.  4 

11.7 

22.  1 

2.6  19.5 

61. 0 

136 

7.  10 

14.  4 

44.  4 

276 

7.  35 

17.8 

31. 5 

380 

287 

19  0 

7.  30 

18.  1 

35.  7 

120 

6.  85 

4.  1 

25.  4 

134 

6.  77 

4.  5 

27.  3 

292 

7.  28 

11.4 

23.7 

:  i  '  
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Twhls  of  results  for  the  nine  two-hour  control  caval  return  experiments,  which  Indicated  the  following  determination*:  Mean  arterial  blood  pressure  (VAHPI.  Heart  i-*t*» 
(HR).  Eatlmoted  coronary  return  via  Equation  -10.  Table  11  (ECH),  Measured  caval  return  (CaR);  Estimated  cardiac  output  (Fe^'d  CO  CaR  •  ECR)  T  *tal  peripheral 
vaacular  resistance  (TPVR);  and.  finally,  the  maximum  Increase  In  TPY'R  which  occurred  during  the  tw.*  hoot  '  caval  control  <  TP\  F*'> 


Eap. 

No. 

Time 

MABP 

HR 

CaR 

ECH  ml.  / min 

Eai'd 

CO 

ml.  /min. 

fesfd 

CO 

ml.  /kg.  / 

min.  TPVR 

TPVR 

Esp. 

N'o, 

Time  MABP 

HR  FCR 

CaR 

ml.  /min. 

Est'd 

CO 

ml.  / min. 

Est'd 

CO 

ml.  /kg. 
min. 

/ 

TPVR 

TPVR 

347 

0:36 

Dog  anesthetized;  Weight  •  12  kg. 

37b 

0:55 

Dog  anesthetized;  W  eight  •  15  kg. 

11:10 

100 

174 

10:32 

122 

132 

11:10 

TWo-hour  period  of  controlled  caval  return  commenced. 

10:35 

122 

138 

11:40 

66 

180 

56  650 

90b 

8.  488. 0 

10.  165.0 

10:38 

Tw<>-haur  period  of  controlled  <  aval  return  commenced. 

12:37 

114 

196 

60  850 

010 

9,  990.  0 

-0.  488. 0 

10:40 

HR 

114  51 

51) 

564 

16.  721.0 

18.  774.0 

12:46 

116 

196 

61  850 

Oil 

10.  165.  0 

•  1.  897. 0 

11:00 

94 

|OR  46 

513 

569 

1  3.  434.  (•  • 

13.  033.  0 

1:17 

116 

196 

61  650 

911 

10.  185.  0 

11:10 

9  1 

108  45 

513 

568 

13.033.0 

■  3.  741. 9 

59 

9|0 

78 

11:25 

109 

114  50 

513 

563 

15.  478  0 

1:17 

Caval  rstum  to  hear!  rw-eatabllahed 

11:47 

III 

102  48 

513 

581 

15.  064  0 

1  23 

130 

186 

12:13 

1  IB 

102  49 

513 

582 

16.  774.  0 

1:37 

120 

174 

12:21 

11  1 

98  47 

513 

580 

16.132  <> 

1:50 

112 

160 

12:36 

in*. 

"8  47 

513 

560 

15.  5"1  0 

2:20 

118 

192 

48 

513 

580 

3? 

2:30 

Dog  almost  wide  awake  and 

crawling  of'  table. 

1  2:36 

IV.nl 

•  rlurn  to  heart  re -eatnbllehed. 

12:48 

127 

90 

12:56 

120 

90 

36B 

6:55 

Dog  aneathetlsed;  Weight 

16  kg. 

1  06 

122 

"6 

10:44 

136 

204 

1.17 

122 

102 

10:46 

Two-hour  period  of  controlled  cuval  return  i oruticnred. 

1:27 

135 

me 

1 1  01 

110 

162 

56  1.030 

1.  086 

6  095.0 

86)  .  0 

I:jB 

1  Jl 

108 

11:26 

120 

166 

58  1.030 

1,  088 

4.  931. 0 

-9.  095. 0 

1:57 

131 

114 

11:36 

134 

168 

80  1.030 

1.  090 

9.  81.1 . 0 

1  7  66  0 

2:14 

134 

in 

11:46 

134 

186 

61  1.030 

1. 091 

'.  807. 0 

2- JO 

145 

170 

11:57 

136 

192 

63  1,030 

1.  093 

r  95J.  o 

t  30 

133 

120 

12:07 

136 

192 

63  1,030 

1. 093 

9  953.  0 

3  06 

l  .16 

126 

12:16 

124 

198 

82  1.030 

1.  092 

H.  075  0 

4  15 

Dog  trying  .«>  get  off  table. 

12:26 

136 

192 

63  1,030 

1. 003 

9.  1153.  0 

12  38 

132 

192 

62  1.030 

1.  092 

9.  661 . 0 

12:47 

126 

198 

62  1,030 

1.  092 

9  168. 0 

17  7 

8:45 

Dog  a 

ncwtnetUcd; 

Weight  1  6.  &  kg. 

61  1.030 

1.  090 

68 

10:17 

142 

1  Mi 

12:47 

(  aval  return  to  heart  re-established. 

10  24 

Two- 

hout  period  of  controlled  caval  return  commenced. 

1:09 

1  32 

168 

10  34 

62 

1  10  43 

450 

493 

10.  046.  0 

14  782  9 

1:17 

128 

174 

10:45 

38 

1  44  43 

450 

493 

9.  398. 0 

-9,  498. 0 

1:39 

126 

168 

1 1  :<»4 

70 

174  49 

450 

499 

11.  207. 0 

3.  JR"  9 

1:47 

136 

168 

11:24 

74 

18"  52 

450 

502 

II,  776.0 

4-30 

Dog  walking  around  a  bit. 

1 1  »fl 

70 

IH8  52 

450 

502 

12.  413.  0 

11:55 

'2 

204  37 

450 

507 

14.  502.  0 

12:03 

"2 

1  "8  56 

450 

506 

14. 537. 0 

370 

9:05 

Dug  anesthetized.  Weight 

13  kg. 

12:17 

••4 

210  58 

450 

508 

14.  782  0 

10  52 

113 

186 

1  2:23 

93 

204  57 

450 

507 

14. 660. 0 

10:55 

Two-hour  period  of  controlled  «  aval  return  cot 

mt-nced 

S2 

450 

502 

30 

11:10 

109 

168 

57  715 

772 

11,  261  0 

11.  641.0 

12;. '3 

1  aval 

1  return  to  heart  rc-raiabllshed. 

11:21 

110 

172 

57  715 

772 

11.  IBS  0 

10.7  JB .  f 

1  2:28 

i  30 

1  68 

11:35 

104 

198 

59  715 

774 

10.  7  38  " 

90  J.  0 

12:34 

120 

156 

11:40 

106 

198 

59  715 

774 

10.  "45  (i 

12:39 

1  •  4 

156 

12:07 

113 

210 

61  715 

776 

It. 641 . 0 

12.45 

116 

156 

12:51 

106 

198 

59  715 

774 

10.  1-45  0 

12:50 

1 16 

162 

5"  715 

774 

5° 

l  05 

1  IH 

168 

12:51 

Caval  return  to  heurt  rc-eatubl.»he«l. 

1:13 

120 

171 

1  05 

122 

ISO 

l:i.i 

120 

171 

1:15 

131 

192 

1:55 

128 

162 

1:29 

133 

204 

2:15 

128 

168 

1:57 

1  31 

210 

2:35 

124 

1  68 

2:00 

Dog 

whining  and  trying  to  move  umnnd. 

2:00 

Swallowing,  stretching  logs. 

4:30 

Dog  practically  wide  awake. 

2:25 

IXig  • 

caking  up. 

8:55 

10:45 

10:47 

10:56 

11:06 

11:18 

11:30 

11:35 

11:50 

13:00 

12:14 

12:35 

12:42 

12:42 

1:06 

1:15 

1:22 

1:32 

1:47 

2:02 

2:10 

2:30 

3:00 

3:27 

3:45 

1:15 

9:C0 


Dog  anesthetized.  Weight  15  1 
128  174 

Two- hour  period  of  controlled  » 


650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
60  650 

Cnval  return  t-i  heart  re-eetablis; 
126  180 
128  186 
192 
180 


146  150 

120  162 
114  192 

116  180 
112  180 
112  186 
124  180 

124  186 

124  186 

124  186 


I'etutn  loitimenrfd. 

0  16.430.0 


59 


t»l 


708 
710 

709 

708 

709 

710 

711 
711 
711 
710 


13,546.0  13,938.0 

12.  836.  0  -12.  621. 0 
I  I.  072.  n  1.  117.  0 
12.  64.1  0 

12.  «2I. 0 

13.  962.  0 
I  i.  938  .  0 
13.  rin.  0 

u.  nw.o 


124 

112 

144 

86 

86 

84 


I7« 
156 
1  56 
i  56 


80  150 

82  156 

97  162 

Starting  to  swallow 
Dog  up  and  about  t  ag/.-. 


8:50 
IO;45 
10:49 
11:13 
11:23 
11:29 
II  42 
1 1  52 
12:04 
12:25 
12:36 
12:47 
12:49 

12:49 

12:56 

1:14 

1:25 

1:40 

1  48 
2:11 

2:25 
2: 18 

2  50 


5:25 

3:40 


Dug  anc»  the  1 1  zed.  W  eight  15  kg. 
137  210 

Two-hour  pet  i«»d  of 
62  162  47 

54  150  42 

58  150  43 


68 

72 


174 

174 

180 

186 

192 

l«2 


controlled 

310 

310 

310 

310 

310 

J10 

310 

310 

31C 

310 

3t0 


aval  return  commenced. 


357 
352 
354 

358 
360 

359 
358 
J58 
358 
358 
357 


13,880.0  15,984.0 

12.  253.  0  -12.  253.  0 
13.139.0  -3.731.0 
15.  172.  0 

15. 984. 0 
15.  146.  C 
14.  255.0 

13.  387.0 
13.  164  0 
1  J.  387.0 


Ouvnl  retur-.  re-established  to  heart. 


109 
104 
109 
113 
118 
120 
nn 
lift 
II I 
MB 
118 
l  18 
11. 1 
l  (19 


126 
150 
168 
180 
180 
1 98 
198 
192 
192 
198 
198 
198 
204 
198 


"  1 

:-5i 

11  J 

198 

374  8:35 

Dog  aoes'J’rtl/ed 

5  elgh>  -  1 4  kg, 

2:15 

Generalized  straining. 

10:37 

115 

210 

3:30 

H,  slices 

10:38 

Two-hour 

periu  1  of 

controlled  •  aval  return  > 

•oinni*Mii  ed. 

":45 

Dug  awake. 

drank 

water. 

10:45 

46 

174 

55 

570 

625 

12. 293. 0 

10.51 

75 

156 

49 

570 

619 

690.  0 

10. 59.1.0 

1 1 .01 

73 

150 

47 

570 

617 

"  52". 0 

-9.  329.0 

38C 

8:50 

Dog  anesthetized, 

W  eight  -  16. 

5  kg. 

I  1:11 

75 

150 

46 

570 

618 

699. 0 

t,  270.  0 

10:45 

109 

me 

11:30 

75 

150 

46 

570 

sia 

9,  69".  C 

10:46 

TV..- 

hour  period  > 

>f  controlled 

1  aval  r--.u 

rn  commen.  ed. 

11:45 

82 

144 

49 

570 

619 

lo. 5"4. 0 

10:5" 

30 

150 

32 

287 

319 

7.  540. 0 

11:50 

79 

150 

49 

570 

bl9 

1 0.  20*;.  0 

11-10 

2fl 

144 

30 

287 

317 

7.  064  0 

11:58 

79 

150 

4P 

570 

619 

m.  206.  0 

11:14 

2P 

1  38 

30 

287 

517 

7. 064  0 

12:07 

’7 

150 

48 

570 

KIR 

9.  "38. 0 

11:26 

30 

144 

51 

287 

3*8 

7.  540. 0 

12:21 

79 

150 

49 

570 

619 

19.  216.  0 

II  )K 

52 

l  44 

32 

287 

519 

e  012  0 

12:38 

77 

150 

48 

570 

61 H 

9  958.0 

11:49 

32 

*44 

52 

287 

319 

8  012  0 

49 

579 

620  44 

12:00 

28 

1.12 

26 

287 

51  5 

7  104  0 

12:41 

:o3 

120 

12:10 

24 

12C 

25 

267 

512 

6.  148.  0 

12:50 

no 

108 

12:21 

7  4 

1  14 

73 

2B7 

3!  0 

6.  183.  0 

:  00 

105 

120 

12:36 

20 

i  02 

1? 

287 

304 

5.  254. 0 

1  tlC 

107 

126 

12:42 

20 

i  02 

17 

287 

304 

5.  254.0 

1:20 

115 

158 

12:46 

20 

<*C 

1  0 

2  87 

502 

5.  254.0 

1:32 

112 

.  144 

26 

287 

313 

1:40 

112 

150 

1  2:46 

C  aval  r»  turn  re- established  to  heart. 

1:50 

110 

156 

1:00 

■o*> 

96 

2:90 

112 

156 

1:13 

08 

114 

2: 2 

112 

156 

1:30 

"0 

102 

1.55 

Trying  to 

move  around  on  table. 

1:47 

82 

114 

1:00 

Dog  awake  and  trying  lc  get  jp  on 

his  feet. 

2:30 

72 

114 

2:45 

68 

108 

3:52  66  108 

4-31  60  10P 

6:50  44  136 

8-9  ;>ig  .lied  approxlina'ely  at  this  time. 


.  012.  0 
064.0 
"48.  0 


This  table  presents  data  of  five  groups  of  investigators  on  cardiac  indices  during  different  levels  of  hemorrhagic 

shock. 


Table  XVI 


81 


m 

g 

o 

Si 

+-> 

G 

< 


§ 


OS 

o 

G 

OS 

G 

OS 

OS 

PC 


OS 


P  © 

aJ  £ 
05 


PC  os  C 


CU 


as 

.X 

c 

co 

TO 

m 

G 

05 

P 

t— H 

OS 

'o 

a 

si 

as 

+-> 

a 

U 


p  m 
© 
as  d 


-t-> 

a»  © 

o  w 


O  rt 


X 

G 

CO 


&\S  10 

as  g  05 


p  m  c 


as 

CM 

as 

as 

aS 

aS 

X 

G 

% 

as 

G 

Ci 

X 

G 

cn 

aS 

G 

•pH 

>» 

U 

G 

P 

X 

o 

PQ 

CM  CO  ^ 
CO  CM  t> 
•  •  • 
N  H  O 


t>  ^  ^  P 
~  co  X* 
CM  G  ^  G 


CO  00 
•  • 
CM  O 


00 
05  CO 
05  ^ 

P  O 


oo  co  to 
CO  CM  05 

•  •  • 
CO  i"H  ^0 


aJ 

■iH 

G 

OS 

4-> 

G 

< 

G 

aS 

as 


X 

o 

o 

T—i 

m 


as  tuo 
G  *T* 
3  . 

s  s 

2  S 

P 


CO 


os 

CO 


o 

CO 


CO  CM 
00  CO 


co  m  o 
o  co  t> 


-<  ci  as 
aJ  P  G 


G  o 
as 


m 


tuol 
3  EC 
»  . 
Cfl  r* 


G  as  as 


<  } 


P  P 


O  CD 

t>  m  cm 


aS 

•rH 

G 

as 


G 

< 


as 


cn 

>> 

cn 


as 

G 

3 

CD 

cn 

as 

G 

p 


ti 

ffi 

• 

a 

a 


co  co  o 

H  (O 


CO 


o 

o 

£ 


c 

0) 


G 

OS 

a 

x 


H 


co 

CM 


CO 


X 

O 

•pH 

G 

as 

P 

x 

as 

o 

Si 

cn 

i 

as 

G 

P 


X 

O 

•pH 

G 

as 

P 

-X 

a 

o 

jC 

cn 


-a 

o 

•rH 

G 

as 

P 

x 

as 

o 

si 

cn 


X 

o 

•rH 

G 

as 

P 

-X 

as 

o 

Si 

cn 

as 

G 


X 

o 

•!-( 

G 

as 

P 

-X 

as 

o 

si 


P  cn 


X 

o 

•pH 

G 

as 

P 

-X 

as 

o 

si 

cn 

i 

as 

G 


X 

O 

•pH 

G 

as 

P 

-X 

as 

o 

si 


P  cn 


X) 

o 

•pH 

G 

as 

P 

x 

as 

o 

Si 

cn 

i 

as 

G 


X  X 
O  O 

•rH  »rH 

G  G 
as  as 
P  P 


X 

as 

o 

X! 


as 

o 

p 


P  cn  cn 


82. 


Table  XVII 


This  table  presents  the  results  of  lactate  and  pyruvate  determinations, 
blood  samples  for  which  were  taken  just  prior  to  commencement  of  con¬ 
trolled  caval  period  (control);  at  end  of  this  period  (End  CCP);  and  30 

or  60  minutes  after 
(Post  CCP). 


mg/ 1 00  ml. 

mg/  1 00  ml. 

Experiment 

Time 

blood 

blood 

Lactate 

Pyruvate 

367 

Control 

70.  8 

2.  5 

End  CCP 

55.  7 

2.  8 

30  min.  Post  CCP 

51. 2 

2.  2 

369 

Control 

22.  1 

4.  5 

End  CCP 

27.  1 

5.  0 

30  min.  Post  CCP 

23.  4 

6.  7 

370 

Control 

26.  3 

5.  1 

End  CCP 

25.  7 

5.  4 

30  min.  Post  CCP 

30.  0 

6.  3 

373 

Control 

33.  3 

5.  5 

End  CCP 

33.  3 

5.  8 

30  min.  Post  CCP 

30.  3 

6.  1 

374 

Control 

35.  4 

7.  4 

End  CCP 

40.  0 

7.  2 

30  min.  Post  CCP 

35.  8 

7.  3 

376 

Control 

30.  4 

5.  2 

End  CCP 

36.  5 

5.  0 

60  min.  Post  CCP 

34.  7 

5.  8 

377 

Control 

11.0 

2.  0 

End  CCP 

34.  1 

4.  9 

60  min.  Post  CCP 

30.  5 

6.  3 

379 

Control 

21.  6 

1.9 

End  CCP 

34.  6 

3.7 

30  min.  Post  CCP 

36.  2 

5.  0 

380 

Control 

26.  4 

0.  06 

End  CCP 

92.  7 

0.  42 

30  min.  Post  CCP 

92.  7 

2.  06 
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Discussion. 

Certain  limitations  were  inherent  in  this  study.  For 
instance,  one  is  impressed  by  the  wide  range  of  dog  weights  reported 
in  the  literature  on  experimental  shock  and  extracorporeal  circulation. 
Since  size  could  be  a  factor  in  survival,  the  range  of  weights  was 
restricted. 

From  previous  experience  with  the  controlled  caval  return 
preparation,  it  had  been  observed  in  dogs  20  kg.  and  heavier  that  large 
quantities  of  blood  collected  in  the  venous  reservoir  at  low  cardiac 
outputs,  which  necessitated  glassware  of  unconventional  dimensions. 
Furthermore,  in  larger  dogs,  in  order  to  obtain  cardiac  outputs  of  70 
ml.  /kg.  /min.,  the  rate  of  the  Sigmamotor  pump  was  such  that  blood 
damage  might  be  excessive  after  two  hours.  Thus,  a  dog  weight  of 
approximately  14  kg.  seemed  to  provide  conditions  in  which  the  technical 
difficulties  could  be  overcome  at  both  the  low  and  high  flows,  with  the 
equipment  available. 

It  was  decided  that  a  two-hour  period  of  controlled  caval 
return  would  be  sufficient  to  make  comparisons  with  similar  experiments 
in  the  literature.  Another  reason  was  the  fact  that  two  hours  was  esti¬ 
mated  to  be  approximately  the  limit  of  time,  beyond  which  significant 
damage  to  the  erythrocytes  by  the  Sigmamotor  pump  might  occur. 

A  similar  controlled  caval  return  experiment  to  that  described 
in  this  work  in  certain  respects,  has  been  reported  by  Wegria  &  Rojas  & 
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Wiggers  in  1943.  It  is  worthwhile  to  review  some  aspects  of  their 
report  to  note  why  in  their  opinion  they  failed  to  obtain  the  expected  re¬ 
sults  and  to  offer  some  explanations  in  the  light  of  experiences  of  this 
study. 

Their  preparation  resembled  Starling's  heart-lung  prepara¬ 
tion,  in  regard  to  artificial  control  of  venous  pressures  and  cardiac 
output,  but  retained  the  natural  circulation  of  the  animal  and  operation 
of  its  natural  cardiac  and  vasomotor  reflexes.  The  principle  consisted 
in  draining  blood  from  the  superior  and  inferior  vena  cavae  into  a  low- 
level  reservoir  of  approximately  500  ml.  capacity.  This  blood  was  pumped 
by  a  rotary  pump  into  an  upper  reservoir,  the  overflow  of  which  returned 
to  the  low-level  reservoir.  The  right  heart  was  fed  exclusively  by  blood 
at  a  constant  temperature  from  the  upper  reservoir  and  venous  inflow 
measured  periodically  by  a  stromuhr  of  the  Ludwig  type.  They  consider¬ 
ed  this  flow  equivalent  to  the  left  ventricular  output.  Approximately 
2500  to  3000  ml.  of  undiluted  donor  blood  was  required  for  each  shock 
experiment.  Sterile  techniques  were  evidently  not  followed.  Owing 
to  the  method  of  ca  nnulation  of  the  cavae  and  the  right  auricle,  total 
duration  of  significant  hypotension  (50  mm.Hg.  )  of  5  to  7  minutes 
occurred  prior  to  the  transfer  to  the  artificial  circuit. 

Two  pertinent  paragraphs  from  their  article, under  the 
heading  of  Expectations  and  Realizations,  are  quoted: 

"Expectations  and  Realizations.  It  was  our  expectation  that, 
after  the  technique  had  been  mastered,  such  a  preparation 
would  maintain  an  unaltered  status  for  a  number  of  hours  and 
that  the  role  of  peripheral  factors,  venous  pressure  and  car- 
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diac  impairment  could  be  assessed  when  shock  was 
willfully  produced  in  different  ways.  We  discovered, 
however,  that  even  under  the  most  propitious  circum¬ 
stances,  our  animals  quickly  showed  clear  evidences  of 
a  rapidly  developing  shock,  such  as  deterioration  in  the 
form  of  arterial  pressure  pulses,  consumption  and  stor¬ 
age  of  large  quantities  of  the  blood  perfusate  and  exhibition 
of  marked  congestive  and  hemorrhagic  changes  in  the  upper 
intestines.  In  short,  it  was  only  necessary  to  follow  the 
changes  which  occurred  spontaneously.  The  process  pro¬ 
gressed  so  rapidly  as  to  constitute  a  fulminant  type  of 
shock. 


Such  experiments  stress  the  fact  that  shock  is  not  necessarily 
a  slow  progressive  chain  of  events,  but  under  propitious 
circumstances  can  develope  with  extreme  celerity  and  in¬ 
tensity.  Perhaps  technical  improvements,  not  obvious  to 
us,  could  still  be  made  which  would  prevent  development  of 
such  rapid  peripheral  circulatory  failure;  but  since  each 
experiment  involved  the  use  of  four  dogs  and  large  quantities 
of  heparin,  we  chose  to  discontinue  these  studies  with  the 
completion  of  twenty-four  such  experiments.  " 

In  our  studies  there  were  several  factors  which  fortuitiously 
worked  toward  the  successful  production  of  shock  under  conditions  of 
controlled  caval  return.  One  of  these  was  the  suggestion  by  Dr.  R.  E. 
Gross*,  upon  the  presentation  of  the  paper  by  Elliot  &  Callaghan  (1959), 
that  it  might  be  useful  to  project  the  studies  beyond  the  period  of  con¬ 
trolled  caval  return.  While  doing  this,  attention  was  directed  to  survival 
studies;  this  in  turn  prompted  the  use  of  sterile  technique  and  efforts  to 
minimize  infection.  For  these  and  other  reasons  already  mentioned,  the 
closed- chest  preparation  evolved.  Another  factor  may  have  been  the 
small  quantity  of  donor  blood  required  to  prime  the  system.  Also,  the 
fact  that  transfer  from  the  dog's  circulation  to  the  artificial  circuit  could 
be  made  without  any  intermediary  hypotension  and  the  relatively  atraumatic 


*  Professor  of  Surgery,  Harvard  Medical  School,  Boston,  Mass. 
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method  of  cannulation,  may  have  contributed  to  reducing  the  uncon¬ 
trolled  variables. 

Under  these  relatively  physiological  conditions  of  controlled 
caval  return,  it  was  shown  that  the  dogs  could  withstand  a  cardiac  output 
reduced  to  values  as  low  as  24  ml.  /kg.  / min.  These  dogs  with  low  car¬ 
diac  outputs  appeared  to  recover  equally  as  well  as  those  which  were 
controlled  at  high  outputs.  It  can  be  seen  that  the  value  of  cardiac 
output, above  which  the  animals  survived  and  below  which  they  died,  was 
quite  critical.  The  value  of  cardiac  output  of  8  to  14  ml.  / kg.  / min., 
ascertained  by  Cohen  &  Lillehei  (1954),  in  regard  to  their  study  on  the 
'azygos  factor',  is  apparently  rather  close  to  this  critical  value.  In 
the  one  animal  in  our  series  in  which  the  cardiac  output  was  in  the  upper 
range  of  minimal  output  suggested  by  Cohen  &  Lillehei,  (experiment  380 
cardiac  output  =  19  ml.  / kg.  /min.  ),  the  blood  pressure  remained  below 
50  mm.Hg.  throughout  the  period  of  controlled  caval  return  and  the  dog 
did  not  survive.  It  would  appear  that,  for  the  animal  to  survive,  the 
minimal  cardiac  output  should  be  at  least  in  the  range  of  24  to  30  ml.  / 
kg.  /min. 

The  controlled  caval  return  preparation  simulates  in  prin¬ 
ciple  the  hemorrhagic  shock  preparation.  It  differs,  however,  in  the 
technique  of  producing  shock  in  the  following  respects:  (a)  the  reservoir 
is  on  the  venous  side;  (b)  the  reservoir  blood  is  continuously  recircu¬ 
lated;  (c)  more  surgery  is  performed  in  the  controlled  caval  return 
preparation  because  a  thoracotomy  is  necessary;  (d)  cardiac  output  can 
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be  directly  measured  in  the  controlled  caval  return  preparation, 
whereas,  in  the  hemorrhagic  shock  preparation,  calculation  of  cardiac 
output  is  indirect,  making  serial  determinations  difficult. 

Because  of  the  difficulty  of  obtaining  values  for  cardiac 
output  in  the  hemorrhagic  shock  preparation,  few  reports  dealing  with 
this  problem  per  se  have  appeared.  Some  investigators  have  persevered 
and  a  summary  of  the  results  of  several  groups  is  given  in  Table  XVI. 

It  is  observed  that  the  cardiac  output  in  severe  hypotension  resulting 
from  hemorrhage  (50  mm.  Hg.  and  less)  varies  between  0.  4  and  0.  8 
L.  / min.  / meter^  of  body  surface.  In  our  series  of  experiments  hypo¬ 
tension  of  this  severity  was  only  observed  in  experiment  380  and  the 
cardiac  index  calculated  by  Meeh's  formula*  was  0.  43  L.  /min.  / meter^ 
of  body  surface.  The  cardiac  index  for  experiment  379,  in  which  the 
blood  pressure  ranged  from  54  to  72  mm.  Hg.  ,  was  0.  52  L.  /min.  / rnetem 
of  body  surface,  (see  Table  XIH). 

The  value  of  0.  43  for  the  cardiac  index  or  20  to  22  ml.  / kg.  / 
min.  appears  to  be  close  to  the  value  of  cardiac  output  which  will  produce 
hypotension  of  50  mm.Hg.  (see  also  Figure  2).  This  value  appears  to 
agree  well  with  the  findings  of  Read,  Johnson  and  Kuida  (1957),  who 
utilized  an  extracorporeal  circulation  preparation  and  also  with  the  find¬ 
ings  of  Grodins  &  Stuart  &  Veenstra  (1960),  who  employed  a  complete 
right-heart  by-pass  procedure. 

The  most  interesting  and  fundamental  information  arising 

*  Meeh's  formula  =  11.2  A'/'Wt.  2 
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from  the  controlled  caval  return  studies  appears  to  be  associated  with 
the  total  peripheral  vascular  resistance  changes.  Data  in  the  literature 
dealing  with  the  effects  of  variation  of  cardiac  output  on  this  parameter 
in  a  closed- chest  preparation  are  lacking,  particularly  when  survival 
studies  are  incorporated  into  the  relationship. 

Total  peripheral  vascular  resistance  has  been  studied  by  the 
hemorrhagic  shock  preparation.  Weale  (1958)  published  a  short  review 
of  the  subject  and  repeated  the  remark  made  earlier  by  Wegria  &  Rojas  & 
Wiggers  (1943)  that  no  one  had  yet  succeeded  in  evaluating  the  changes  in 
total  peripheral  resistance  in  intact  shocked  animals. 

Wegria  &  Rojas  &  Wiggers  (1943)  correlated  the  development 
of  an  irreversible  state  with  reduction  in  total  peripheral  vascular  re¬ 
sistance.  Remington  et  al.  (1950)  apparently  could  find  no  good  corre¬ 
lation  between  resistance  changes  and  the  onset  of  fatal  circulatory 
collapse.  Wiggers  &  Werle  (1942)  noted  an  increased  total  peripheral 
vascular  resistance,  both  in  hypovolemic  and  normovolemic  states, 
regardless  of  irreversibility.  Forward  &  Perme  (1922)  described  a 
reduction  in  the  peripheral  resistance  early  in  shock.  Weale  (1958) 
concluded  that  the  rise  in  peripheral  resistance  in  hemorrhagic  shock 
was  invariable  but  not  dramatic.  This  confused  state  of  affairs  has 
resulted  from  two  things:  (a)  there  is  no  simple  way  to  make  serial 
determinations  of  cardiac  output;  (b)  investigators  have  not  studied  all 
levels  or  degrees  of  shock,  but  rather  isolated  levels  associated  with 
so-called  irreversible  shock. 
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The  nine  controlled  caval  return  experiments  reported 
herein  might  assist  in  explaining  this  variety  of  opinion.  In  our 
experiments  there  appeared  to  be  three  different  types  of  response  in 
the  total  peripheral  vascular  resistance.  First  type:  when  the  value 
for  cardiac  output  was  relatively  adequate  (45  to  70  ml.  / kg.  /min.  ) 
there  occurred  little  change  in  the  total  peripheral  vascular  resistance 
during  the  two  hours  of  control.  Second  type:  when  the  value  for  cardiac 
output  was  in  the  range  25  to  45  ml.  / kg.  train,  a  marked  increase  in  the 
resistance  occurred  during  the  two  hours  of  controlled  caval  return,  as 
is  demonstrated  in  Figures  17,  18  and  19.  Third  type:  when  the  value 
of  cardiac  output  was  lowered  below  25  ml.  / kg.  /min.,  not  only  was  the 
increase  in  total  vascular  resistance  less,  but  two  other  features  were 
noted:  (a)  the  responsive  increase  in  resistance  was  not  sustained;  and 
(b)  the  absolute  values  were  not  as  high. 

Read  &  Johnson  &  Kuida  (1957)  reported  the  best  study  that 
could  be  found  on  the  subject  of  total  peripheral  vascular  resistance 
under  conditions  of  controlled  blood  flow  to  the  systemic  circulation. 

These  authors  used  a  heart-lung  machine  during  extracorporeal  circula¬ 
tion  perfusions,  which  is  a  considerably  different  type  of  preparation  than 
the  controlled  caval  return  preparation.  The  above  authors  pooled  their 
data  from  the  three  hour  acute  experiments  and  plotted  the  resistance 
changes  against  systemic  flow.  In  this  way  they  demonstrated  that,  at 
very  low  perfusions  (judging  from  their  graph,  10  to  15  ml.  / kg.  /min.  ), 
the  increase  in  resistance  was  marked.  They  also  showed  in  another  graph 
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relating  the  average  changes  in  resistance  to  time,  that  there  was  a 
biphasic  response  in  resistance,  namely,  a  slight  increase  30  minutes 
after  perfusion,  followed  by  a  steady  decrease  in  resistance.  Similar 
findings  were  reported  by  Wegria  &  Rojas  &  Wiggers  (1943),  even  in  the 
face  of  a  high  cardiac  output.  In  our  experiments  this  biphasic  response 
was  observed  only  in  experiments  379  and  380.  It  may  be  recalled  that 
in  the  dog  experiments  reported  by  Agress  et  al.  (1957),  who  used  coro¬ 
nary  plastic  microsphere  embolization  without  thoracotomy,  that  reduction 
in  peripheral  resistance  was  associated  with  100  percent  mortality,  despite 
the  fact  that  the  reduction  in  cardiac  output  was  not  drastic.  Thus,  a 
failing  peripheral  circulation  need  not  be  associated  with  marked  reduction 
in  cardiac  output. 

Despite  the  differences  between  the  contio  lied  caval  return  pre¬ 
paration  and  the  extracorporeal  circulation  experiment,  it  is  reasonable 
to  compare  them  because  in  both  the  systemic  flow  is  controlled.  Prepara¬ 
tions  involving  the  heart-lung  machine  are  by  no  means  physiological,  since 
the  heart  and  lungs  are  completely  by-passed  by  an  artificial  pump  and 
oxygenator.  While  it  may  be  argued  that  a  pump  is  used  in  the  controlled 
caval  return  preparation,  the  heart  is  still  relied  upon  for  pumping  the 
blood  into  the  lungs  and  systemic  circulation. 

Some  types  of  oxygenators  can  give  rise  to  specific  acid-base 
changes.  The  bubble  oxygenator  produces  an  alkalosis  (DeWall  et  al. 

1957).  The  teflon  membrane  oxygenator  (Clowes  et  al.  1958)  tends  to¬ 
wards  an  acidosis,  by  reason  of  the  fact  that  CO2  diffuses  through  the 
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membrane  more  slowly  than  O2.  A  certain  degree  of  blood  damage  can 
arise  from  the  oxygenator,  particularly  in  the  bubble  type,  owing  to  the 
agitation  caused  by  the  bubbling  process.  The  duration  of  extracorporeal 
circulation  experiments  has  usually  been  quite  short.  In  some  21  articles 
dealing  with  this  subject  only  two  reported  durations  of  by-pass  of  two 
hours;  the  reports  of  Read  &  Johnson  &  Kuida  and  Reed  &  Kittle  (1958). 

In  view  of  the  physiological  nature  of  the  controlled  caval  return 
preparation,  one  should  be  able  to  use  it  to  obtain  base-line  values  as  to 
critical  and  optimum  flow  rates.  The  critical  value  of  cardiac  output 
for  survival  with  this  preparation  would  appear  to  be  close  to  25  ml.  / kg.  / 
min. 

Paneth  et  al.  (1957),  in  one-hour  perfusions  in  dogs  with  the 
bubble  oxygenator,  arrived  at  the  figure  of  1.  2  L.  /min.  / meter^  of  body 
surface  as  the  optimal  flow  rate,  based  largely  upon  the  graphs  of  the 
total  body  oxygen  consumption  and  plasma  bicarbonate  values,  both  of 

9 

which  values  plateaued  at  about  1.2  L.  / min.  / meter  .  In  our  experiments, 
these  parameters  plateaued  approximately  at  0.  9  L.  / min.  / meter^  (see 
Figures  23  and  27),  as  also  the  (A-V)  O2  difference  curve  (see  Figure  26). 

It  was  the  opinion  of  Paneth  et  al.  (1957)  that  pH  changes  alone 
did  not  reflect  the  acid-base  changes  occurring  during  total  cardio¬ 
respiratory  by-pass  and  that  increasing  bicarbonate  deficit  was  a  more 
precise  measurement  of  this  change.  In  our  experiments,  as  in  those 
of  Paneth  et  al.  ,  it  was  found  that  the  decrease  in  the  CO2  content  appear¬ 


ed  to  be  quite  dependent  upon  the  reduction  in  systemic  flow. 
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it  was  also  observed  in  our  experiments,  as  can  be  seen  from  Figures 
20,  21  and  22,  that  the  pH  values  at  the  end  of  the  period  of  controlled 
caval  return  and  20  to  30  minutes  later  were  likewise  affected  by  reduction 
in  flow.  The  most  likely  explanation  for  the  results  of  Paneth  et  al.  in 
regard  to  the  absence  of  pH  change  during  perfusion  is  that  alkalosis  was 
caused  by  the  bubble  oxygenator.  We  have  had  a  similar  experience  using 
the  bubble  oxygenator  (Elliot  &  Callaghan  1959). 

Clowes  et  al.  (1958)  reported  in  detail  the  results  of  one-hour 
perfusions  with  the  teflon  membrane  oxygenator;  graphing  the  relationship 
of  oxygen  consumption  to  perfusion  rate.  They  demonstrated  a  gradual 
increase  in  qC>2  over  the  entire  range  of  rates  (25  to  120  ml.  / kg.  /min.). 
They  found  a  better  correlation  between  perfusion  rate  and  arterial  blood 
pH  than  Paneth  et  al. ,  perhaps  because  this  oxygenator  does  not  produce  an 
alkalosis.  In  the  low  perfusion  group,  26  to  35  ml.  / kg.  / min.,  the  end- 
perfusion  arterial  pH  fell  approximately  to  7.13.  They  also  correlated 
post-operative  depression  of  arterial  blood  pH  with  increased  mortality. 

In  the  low -flow  group  there  was  a  mortality  of  62.  5%,  which  would  indicate, 
as  compared  to  a  mortality  of  21.  4%  in  the  high  flow  group  (70  to  120 
ml.  / kg.  / min.  ),  that  the  low  range  of  perfusion  was  definitely  associated 
with  an  increased  mortality.  In  comparing  the  blood  pressures  between 
out  series  of  experiments  and  Clowes  et  al. ,  it  can  be  seen  that  the  blood 
pressure  reported  by  them  were  not  maintained  as  well  as  in  the  controlled 
caval  return  experiments  at  corresponding  flows.  For  instance,  in  their 
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high-flow  group  (70  to  120  ml.  / kg.  /min.  ),  an  average  mean  arterial  blood 
pressure  of  87  mm.Hg.  was  maintained  during  the  perfusion,  whereas  in 
our  experiments  367  and  369,  in  which  there  were  the  highest  flows,  average 
values  of  mean  arterial  blood  pressures  were  well  over  100  mm.Hg.  (see 
Tables  XIH  and  XV).  In  their  low  perfusion  group,  the  average  mean 
arterial  pressure  during  perfusion  was  52  mm.Hg.,  while  in  the  same 
range  in  the  controlled  caval  return  preparation  the  average  values  for 
blood  pressure  were  higher.  It  was  noted  by  Clowes  et  al.  that  during 
low-flow  perfusions  the  blood  pressure  frequently  fell  and  that  towards 
the  end  of  such  a  perfusion  as  much  as  300  ml.  of  blood  had  to  be  added 
to  the  system  to  maintain  adequate  venous  pressure  and  perfusion  condi¬ 
tions,  despite  no  external  loss.  In  experiment  380,  the  blood  level  in  the 
reservoir  only  dropped  100  ml.  from  the  stabilized  level.  It  would  seem 
that  peripheral  failure  was  a  common  occurrence  at  low  flows  in  the 
experiments  of  Clowes  et  al.  ;  these  authors  did  not  mention  a  specific 
value  for  the  optimal  flow  rate  but  merely  concluded  that  high  flow  rates 
were  desirable  in  prolonged  extracorporeal  by-pass. 

Huckabee  (1958,  1959)  has  investigated  quite  extensively  the 
interrelationship  of  lactate  and  pyruvate  formation  in  aerobic  and  anaerobic 
metabolism.  According  to  this  author,  a  correct  interpretation  of  the 
state  of  anaerobiosis  cannot  be  made  by  utilizing  just  one  of  these  chemical 
parameters,  but  rather  values  for  both  have  to  be  employed.  Huckabee 


(1958)  mentions: 
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"Absolute  lactate  concentration,  taken  by  itself  without  regard 
to  pyruvate,  has  no  necessary  relationship  whatever  to  oxygen 
lack. " 

The  author  also  claims  in  the  same  paper  that: 

"When  the  concentration  of  lactate  changes  between  time  zero 
and  n,  that  portion  of  the  change  (called  excess  lactate  or 
"XL")  due  only  to  the  effect  of  true  intracellular  hypoxia  can 
be  computed  as  follows: 

(XL)  =  (Ln-L0)  -  (Pn-P0)  (L0/po)  " 

For  the  most  part,  investigators  working  with  extracorporeal 
circulation  experiments  have  merely  used  the  values  of  lactate  determina¬ 
tions  in  their  reports.  However,  it  is  known  that  hyperventilation  alone 
can  cause  marked  increases  in  lactic  and  pyruvic  acid  (Huckabee  1958,  1959; 
Papadopoulos  &  Keats  1959;  Dobell  &  Gutelius  &  Murphy  1960).  This  fact 
was  not  appreciated  in  our  experiments  and,  therefore,  the  control  values 
for  lactic  and  pyruvic  acid  obtained  just  prior  to  the  commencement  of  the 
controlled  caval  return  period,  when  the  animal  had  been  respired  with 
pure  C>2  for  an  appreciable  period  of  time,  are  of  negligible  value.  Thus, 
it  becomes  quite  difficult  to  decide  whether  accumulation  of  lactate  at  the 
end  of  the  controlled  caval  return  period  is  or  is  not  an  indication  of 
anaerobic  metabolism,  unless  one  were  able  to  use  Huckabee's  method. 
Experiment  380  was  the  only  experiment  in  which  there  was  an  appreciable 
rise  in  the  lactate  at  the  end  of  the  controlled  caval  return  period. 

The  thought  that  increments  in  lactate,  due  to  respiratory  alka¬ 
losis,  may  be  responsible  in  part  for  the  rise  in  lactate  in  extracorporeal 
by-pass  has  been  entertained  by  Litwin  et  al.  (1959): 
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"The  preoperative  blood  lactate  concentration  may  be  raised 
above  normal  by  hyperventilation  during  anesthesia.  This  in 
turn  will  contribute  to  an  increase  in  postoperative  lactate  con¬ 
centration  and  hence  lower  the  plasma  bicarbonate  and  the  pH.  " 

Whether  or  not  elevation  of  lactate  per  se  exerts  a  deleterious  effect  is 

debatable.  It  seems  that  hypoxia  of  the  tissues  would  be  the  lethal  factor 

and  differentiation  as  to  the  causative  factor  in  the  rise  of  lactate  would  be 

only  important  from  this  point  of  view. 

In  Figure  28  the  results  of  variation  in  cardiac  output  on  the 
total  peripheral  vascular  resistance,  pH,  CO2,  (A-V)  02  difference  and 
total  body  qC>2,  with  the  maximum  response  in  total  peripheral  vascular 
resistance,  occurring  concomitantly,  is  rather  striking.  It  is  interesting 
to  conjecture  about  the  mechanism  of  action  of  these  responses.  As  the 
cardiac  output  decreased  from  experiment  to  experiment,  the  (A-V)  O2 
difference  did  not  appear  to  widen  until  experiment  377,  in  which  the  cardiac 
output  was  492  ml.  or  30  ml.  / kg.  /min.  (see  Tables  XIH  and  XIV).  It  was 
in  this  experiment  in  which  the  highest  increase  in  total  peripheral  vascular 
resistance  occurred.  In  experiment  374,  there  was  apparently  no  response 
in  the  total  peripheral  vascular  resistance.  The  (A-V)  O2  difference  did 
not  widen,  yet  the  average  blood  pressure  for  the  period  of  controlled 
caval  return  was  the  same  as  for  experiment  377  (a  mean  pressure  of  79 
mm.  Hg.  ),  in  which  the  (A-V)  O2  difference  widened  and  a  marked  increase 
in  total  peripheral  vascular  resistance  occurred.  Although  the  average 
mean  pressures  were  the  same  in  both  experiments  it  is  felt  there  was  one 
important  difference.  In  experiment  374  the  initial  mean  pressure  dropped 
to  72  mm.Hg.  soon  after  the  commencement  of  the  control  period,  whereas 
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in  experiment  377  the  initial  drop  was  to  58  mm.Hg.  It  was  observed, 
in  experiment  377,  that  the  level  of  blood  in  the  venous  reservoir  rose 
quite  markedly,  rather  paralleling  the  increase  in  the  total  peripheral 
vascular  resistance  that  was  occurring  during  the  two  hours  of  controlled 
caval  return.  Thus,  in  this  experiment,  the  effective  blood  volume 
would  be  decreased  and  yet  from  this  reduced  blood  volume  the  oxygen 
demands  of  the  tissues  were  still  to  be  met.  More  oxygen  was  prob¬ 
ably  extracted,  accounting  for  the  widened  (A-V)  O2  difference. 

The  following  plausible  theory  could  be  formulated:  As  the 
caval  return  flow  to  the  heart  was  progressively  reduced,  pari  passu, 
the  systemic  flow  to  the  body  was  reduced  via  a  reduced  cardiac  output. 

A  consequence  of  this  was  a  reduction  in  the  vascular  volume  occurring 
probably  more  on  the  venous  than  the  arterial  side  of  the  vascular 
system.  At  low  cardiac  outputs,  this  reduction  in  the  venous  volume 
was  reflected  by  an  increase  in  the  blood  volume  in  the  venous  reservoir 
(See  Table  XVIII).  The  sharp  increase  in  the  total  peripheral  vascular 
resistance  in  the  range  of  cardiac  outputs,  25  to  35  ml.  /  kg.  /min.,  could 
be  taken  as  evidence  of  the  magnitude  of  the  response  of  which  barostatic 
mechanisms  are  capable  in  the  face  of  diminishing  flow  in  a  relatively 
non- adjustable  arterial  space.  Finally,  the  flow  to  the  arterial  side 
of  the  circulatory  system  was  so  small  that  no  compensatory  response 
occurred,  as  in  experiment  380.  Thus,  we  reach  the  crux  of  the  entire 
problem,  namely,  what  is  the  mean  pressure  that  will  guarantee  per¬ 
fusion?  Although  the  evidence  is  slim,  a  course  of 
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action  for  future  investigation  is  indicated.  If  the  response  in  total 
peripheral  vascular  resistance  that  apparently  occurs  in  this  pre¬ 
paration  were  plotted  against  the  level  of  blood  pressure  that  results 
soon  after  the  commencement  of  the  period  of  controlled  caval  return, 
while  at  the  same  time  utilizing  a  method  such  as  Huckabee's  for 
detecting  tissue  hypoxia  ,  it  might  be  possible  to  show  that  only  when 
a  response  in  resistance  fails  to  occur  is  there  a  total  failure  of 
circulation,  true  hypoxia  and  increased  mortality.  The  mean  arterial 
blood  pressure  at  which  this  failure  occurred  would  be  the  critical 
perfusion  pressure. 

This,  of  course,  could  be  demonstrated.  It  has  been 
shown  that  a  value  of  cardiac  output  between  20  and  25  ml.  / kg.  /min. 
gave  rise  to  me  an  arterial  pressures  between  30  and  60  mm.Hg.  If 
the  cardiac  output  were  fixed  in  this  range  for  all  experiments,  the 
arterial  space  would  vary  in  dogs  between  13  and  16  kg.  to  the  extent 
that  this  range  of  mean  blood  pressures  would  probably  automatically 
be  obtained. 

One  further  point  results  from  examination  of  Figure  26 
and  27.  Above  values  of  cardiac  output  of  65  to  70  ml.  / kg.  /min.,  so 
little  oxygen  was  extracted  from  the  blood  as  it  passed  through  the 
tissues  that,  in  fact,  the  total  body  oxygen  consumption  decreased,  as 
compared  to  the  relatively  stable  values  for  the  oxygen  consumption  in 
the  range  of  cardiac  output  45  to  60  ml.  /kg.  /min.  If  this  condition  were 
proved  to  be  so,  it  would  be  contrary  to  the  graphs  of  Clowes  et  al. 
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(1958)  and  Paneth  et  al.  (1957)  for  they  found  that  the  total  qC>2  did 
not  decrease  at  higher  flows.  This  vjo  uld  be  worth  establishing,  for 
if  the  total  body  q02  did  in  fact  decrease  above  a  cardiac  output  of 
70  ml.  /kg.  / min.,  it  would  indicate  that  at  least  in  this  type  of  pre¬ 
paration  an  output  above  this  value  is  superfluous. 
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Chapter  V. 


Summary  and  Conclusion. 

Summary 

A  brief  attempt  will  be  made  to  outline  the  salient  features  of 
the  previous  chapters. 

1.  An  investigation  was  carried  out  in  dogs  to  determine  a  practical  method 
for  estimating  the  coronary  flow  by  means  of  the  complete  animal  right- 
heart  by-pass  procedure.  This  preparation  permits  separation  of  the 
coronary  return  from  the  caval  return,  while  at  the  same  time  providing 
control  over  the  cardiac  output. 

2.  The  dependency  of  coronary  flow  on  blood  pressure  and,  especially,  the 
oxygen  consumption  previously  reported  by  others  was  confirmed,  as  was 
the  dependency  of  myocardial  oxygen  consumption  on  the  product  of  mean 
arterial  blood  pressure  and  heart  rate. 

3.  The  fact  that  there  were  correlations  between  coronary  return  and  myo¬ 
cardial  oxygen  consumption, and  myocardial  oxygen  consumption  and  the 
product  of  mean  arterial  blood  pressure  and  heart  rate  justified  equating 
coronary  return  with  the  product  of  mean  arterial  blood  pressure  and 
heart  rate,  the  regression  line  for  which  plot  was  found  suitable  for  pre¬ 
dicting  coronary  flow.  The  coefficient  of  correlation  was  0.  9  and  the 
standard  error  of  estimate  was  6.  5  ml.  of  coronary  return. 

4.  The  equation  for  the  regression  of  coronary  return  on  the  product  of 
mean  arterial  blood  pressure  and  heart  rate  was  tested  in  six  dogs,  under 
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conditions  of  the  complete  right-heart  by-pass  preparation,  in  which  the 
measured  values  of  coronary  return  were  known  and  could  be  compared  with 
the  predicted  values  obtained  from  the  above  equation.  It  was  shown  that 
adding  the  estimated  values  of  coronary  return  to  the  values  of  caval  return 
gave  a  much  better  index  of  the  actual  output  than  just  using  the  value  of  caval 
return  alone.  Accordingly,  since  there  was  no  direct  way  of  measuring 
the  coronary  return  in  the  controlled  caval  return  preparation,  it  was  decided 
to  use  this  simple,  semi- quantitative  method  for  coronary  flow  estimation. 

5.  A  brief  description  was  given  of  the  different  stages  associated  with  the 
development  of  the  controlled  caval  return  preparation,  in  which  controlled 
cardiac  output  was  achieved  in  a  closed-chest  dog,  without  the  necessity 

of  re-opening  the  chest  cavity. 

6.  It  is  the  writer's  opinion  that  when  trauma  was  minimized,  as  in  the 
above  preparation,  the  relationship  between  the  survival  rate  and  cardiac 
output  was  improved.  The  results  in  nine  dogs  indicated  that  the  animals 
could  withstand  reductions  in  cardiac  output  for  a  period  of  two  hours  to 
values  as  low  as  24  ml.  / kg.  /min. 

7.  It  was  observed  that,  although  eight  of  the  nine  dogs  survived,  in  some 
of  the  survivals  there  were  physiological  and  biochemical  deviations  from 
normal. 

8.  The  most  fundamental  contribution  of  the  study  was  considered  associated 
with  the  total  peripheral  vascular  resistance  changes.  As  a  result  of 
variation  in  cardiac  output,  there  occurred  three  types  of  responses  in  the 
total  peripheral  vascular  resistance.  In  mild  reduction  of  cardiac  output. 
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in  a  range  45  to  70  ml.  / kg.  /min.,  no  specific  alterations  occurred.  However, 
in  a  range  of  cardiac  output,  25  to  45  ml.  / kg.  / min.,  there  was  an  initial 
drop  in  total  peripheral  vascular  resistance,  followed  by  a  marked  increase 
during  the  remainder  of  the  two  hours  of  controlled  caval  return.  Finally, 
below  values  of  cardiac  output  of  25  ml.  /kg.  /min.,  there  was  the  initial 
drop  in  total  peripheral  vascular  resistance,  but  the  subsequent  response 
was  slight  and,  in  fact,  the  resistance  began  to  decrease  before  the  end  of 
the  two  hours. 

9.  The  most  rapid  changes  in  the  slope  of  the  curves  of  arterial  pH,  arterial 
CC>2  content  and  total  body  oxygen  consumption  were  also  noted  in  the  25  to 
45  ml.  / kg.  /min.  range  of  cardiac  output. 

10.  It  was  found  difficult  to  account  for  the  mechanism  of  production  of  the 
changes;  however,  the  following  theory  was  put  forward.  It  was  suggested 
that,  owing  to  the  relatively  fixed  dimensions  of  the  arterial  side  of  the 
vascular  system,  that  with  progressive  reduction  in  cardiac  output  there 
finally  occurred  a  point  at  which  a  compensatory  increase  in  the  total  peri¬ 
pheral  vascular  resistance  could  no  longer  occur  and  circulatory  failure 
resulted. 

Conclusion. 

It  was  concluded  that  the  objective  to  relate  survival  to  varying 
degrees  of  reduced  cardiac  output  was  achieved.  It  was  felt  this  was  in 
large  part  due  to  the  simplicity  of  the  controlled  caval  return  preparation, 
in  which  the  uncontrolled  variables  were  minimized.  A  cardiac  output  of 
24  ml.  /kg.  / min.,  under  the  conditions  of  the  experiment  described,  would 
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appear  to  be  very  close  to  a  critical  value.  Above  this  value  survival  of 
the  animal  could  be  expected,  but  below  it  the  animal  would  probably  die. 
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